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29.1 Introduction

Photovoltaic (PV), wind, and fuel-cell (FC) energy are the
front-runner renewable- and alternate-energy solutions to
address and alleviate the imminent and critical problems of
existing fossil-fuel-energy systems: environmental pollution as
a result of high emission level and rapid depletion of fossil fuel.
The framework for integrating these “zero-emission” alternate-
energy sources to the existing energy infrastructure has been
provided by the concept of distributed generation (DG) based
on distributed energy resources (DERs), which provides an
additional advantage: reduced reliance on existing and new
centralized power generation, thereby saving significant capi-
tal cost. DERs are parallel and standalone electric generation
units that are located within the electric distribution system
near the end user. DER, if properly integrated, can be bene-
ficial to electricity consumers and energy utilities, providing
energy independence and increased energy security. Each home

and commercial unit with DER equipment can be a microp-
ower station, generating much of the electricity it needs on-site
and sell the excess power to the national grid. The projected
worldwide market is anticipated to be $50 billion by 2015. AQ:1

A key aspect of these renewable- or alternative-energy sys-
tems is an inverter (note: for wind, a front-end rectifier is
needed) that feeds the energy available from the energy source
to application load and/or grid. Such power electronics for
next-generation renewable- or alternative-energy systems have
to address several features including (1) cost, (2) reliability,
(3) efficiency, and (4) power density. Conventional approach to
inverter design is typically based on the architecture illustrated
in Fig. 29.1a. A problematic feature of such an approach is the
need for a line-frequency transformer (for isolation and volt-
age step-up), which is bulky, takes large footprint space, and is
becoming progressively more expensive because of the increas-
ing cost of copper. As such, recently, there has been significant
interest in high-frequency (HF) transformer-based inverter
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FIGURE 29.1 Inverter power-conditioning schemes [1] with (a) line-frequency transformer; (b) HF transformer in the dc–ac stage; (c) HF
transformer in the dc–dc stage; and (d) single-stage isolated dc–ac converter.

approach to address some or all of the above-referenced design
objectives. In such an approach, a HF transformer (instead
of a line-frequency transformer) is used for galvanic isolation

and voltage scaling, resulting in a compact and low-footprint
design. As shown in Fig. 29.1b,c, the HF transformer can be
inserted in the dc–dc or dc–ac converter stages for multistage

FIGURE 29.1 — Inverter power-conditioning schemes [1]. Multi-panel flow-loop schematic (4 panels). Shows four alternative inverter power-conditioning 
architectures for a fuel-cell source, each differing in where transformer isolation is placed. Component details in the table below. Each panel depicts a left-to-right signal/power chain 
originating from an Fuel-cell stack and balance of plant block and terminating at an Application load block. In every panel, an Energy buffering unit block sits below the intermediate 
conversion stage(s) and connects to that stage via a bidirectional vertical arrow (indicating energy can flow both into and out of the buffer). Panel (a) — Line-frequency transformer 
architecture 1. Fuel-cell stack and balance of plant → (rightward arrow) → Dc–dc converter 2. Dc–dc converter → (rightward arrow) → Dc–ac converter 3. Dc–ac converter → 
(rightward arrow through a line-transformer symbol, labeled Line transformer) → Application load 4. Dc–dc converter ↔ (bidirectional vertical arrow) ↔ Energy buffering unit (below) 
The line transformer is depicted as a conventional transformer symbol (two coupled coils) positioned between the Dc–ac converter output and the Application load. Panel (b) — HF 

transformer in the dc–ac stage 1. Fuel-cell stack 

and 
balance of plant → (rightward arrow) → Dc–dc converter 2. Dc–dc converter → (rightward arrow) → Dc–ac converter with high-frequency 

transformer 3. Dc–ac converter with high-frequency transformer → (rightward arrow) → Application load 4. Dc–dc converter ↔ (bidirectional vertical arrow) ↔ Energy buffering unit (below) 
Panel (c) — HF transformer in the dc–dc stage 1. Fuel-cell stack and balance of plant → (rightward arrow) → Dc–dc converter with high-frequency transformer 

2. 

Dc–dc 
converter with 

high-frequency transformer → (rightward arrow) → Dc–ac converter 3. Dc–ac converter 
→ (rightward arrow) → Application load 4. Dc–dc converter with high-frequency transformer ↔ (bidirectional vertical arrow) ↔ Energy buffering unit (below) Panel (d) — Single-stage isolated 
dc–ac converter 1. 
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and 

balance of plant → (rightward arrow) → Isolated Dc–ac converter 2. Isolated Dc–ac converter → (rightward arrow) → Application load 3. 

Fuel-cell stack 
and 

balance of plant ↔ (bidirectional vertical arrow) ↔ Energy buffering unit (below) In panel (d) the energy buffering unit connects 
via a bidirectional vertical arrow to the left-hand side of the chain (at the fuel-cell / isolated converter node), unlike panels (a)–(c) where it connects to 

the intermediate dc–dc stage. and 
FIGURE 29.1 — Functional blocks and connections across all four panels (a)–(d) Block / Element Appears in panels Role Connects to (downstream →) 
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approach to address some or all of the above-referenced design 
objectives. In such an approach, a HF transformer (instead 
of a line-frequency transformer) is used for galvanic isolation 

and voltage scaling, resulting in a compact and low-footprint 
design. As shown in Fig. 29.1b,c, the HF transformer can be 
inserted in the dc–dc or dc–ac converter stages for multistage
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power conversion. For single-stage power conversion, the HF
transformer is incorporated into the integrated structure. In
the subsequent sections, based on HF architectures, we describe
several high-frequency-link (HFL) topologies [1–8], being
developed at the University of Illinois at Chicago, which have
applications encompassing photovoltaics, wind, and fuel cells.
Some have applicability for energy storage as well.

29.2 Low-Cost Single-Stage Inverter [2]

Low-cost inverter that converts a renewable- or alternative-
energy source’s low-voltage output into a commercial ac output
is critical for success, especially for the low-power applica-
tions (≤5 kW). Figure 29.2 shows one such single-stage isolated
inverter, which was originally proposed in [10] as a “push–pull
amplifier.” It achieves direct power conversion by connecting
load differentially across two bidirectional dc–dc Ĉuk con-
verters and modulating them, sinusoidally, with 180◦ phase
difference. Because only four main switches are used, it would
potentially reduce system complexity, costs, improve reliabil-
ity, and increase efficiency. Furthermore, the common source
connection between two devices both at primary (Qa and Qc)
and secondary sides (Qb and Qd) makes the gate-drive cir-AQ:2
cuit relatively simple. In addition, the possibility of coupling
inductors or integrated magnetics will further reduce the over-
all volume and weight, thereby achieving lesser material and
space usage. Another advantage of this inverter is the reduc-
tion of turns ratio of the step-up transformer, which is usually
required to achieve rated ac from low dc voltage. The inher-
ent voltage boosting capability of the Ĉuk inverter can reduce
the transformer turns-ratio requirement by at least half. Low
transformer turns-ratio yields less leakage inductance and sec-
ondary winding resistance, which reduces the loss of duty cycle
and secondary copper losses, respectively.
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FIGURE 29.2 Schematic of the single-stage dc–ac differential-isolated Ĉuk inverter [2].

29.2.1 Operating Modes

In order to understand how the current flows and energy trans-
fers during the switching and to help select the device rating,
four different modes of the inverter are analyzed and shown in
Fig. 29.3. It shows the direction of the current when the load
current flows from the top to the bottom.

Mode 1: Figure 29.3a shows the current flow for the case when
switch Qa, Qd are ON and Qb, Qc are OFF. Dur-
ing this time, the current flowing through the input
inductor La increases and the inductor stores the
energy. At the same time, the capacitor Ca discharges
through Qa, and thus, there is transfer of energy from
the primary side to the secondary side through the
transformer T1. The capacitor Cb is discharged to
the circuit formed by Lb, C1, and the load R. Mean-
while, the inductor Ld stores energy, and its current
increases. The capacitor Cd discharges through Qd.
The power flows in opposite direction in the Module
2 from the secondary side to the primary side. The
capacitor Cc is also discharged to provide the power.

Mode 2: When Qa, Qd are turned OFF, and Qb, Qc are ON
(Fig. 29.3b); Ca, Cd, Cb, and Cc are charged using the AQ:3
energy, which was stored in the inductors La and Ld,
while Qa, Qd were ON. During this time, Lb and Lc
will release their energy.

Figure 29.3c,d shows the current direction when the load
current flows in the opposite direction. The description
for these two modes is omitted due to the similarity with
Fig. 29.3a,b.

29.2.2 Analysis

Although the nonisolated inverter has already been pro-
posed [10], detailed analysis and design of the isolated version
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FIGURE 29.2 Schematic of the single-stage dc–ac differential-isolated Ćuk inverter [2]. The diagram is a single-panel circuit schematic of 
a low-cost, single-stage dc–ac differential-isolated Ćuk inverter. The circuit is organised into two mirrored Ćuk converter modules — 

Module 1 (upper half) and 

Module 2 (lower half) — that share the same dc input source V_i and drive a common ac output load. The dc 
input source V_i is connected between the top rail and the bottom rail (ground). The top rail feeds Module 1 and the bottom rail feeds Module 2 through a common ground symbol (three 
horizontal lines). Module 1 (upper path, left to right): 1. From the positive terminal of V_i, current flows right through input inductor La. 2. Node after La connects to the positive plate of coupling 
capacitor Ca (marked +) and to the drain of bidirectional switch Q_a. Q_a's source connects back to the negative rail. 3. The junction between 
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the primary winding of high-frequency transformer T1 (centre-tapped, dots shown). The primary centre-tap connects to the Module 1 primary node (dot 
symbol). 4. The secondary side of T1 connects to the positive plate of coupling capacitor Cb (marked +), and through inductor Lb to the positive terminal of 
output capacitor C1 (marked +). The right terminal of C1 connects to the output node Vo. 5. Bidirectional switch Q_b is connected between the Cb–Lb 
junction and the positive rail of the output. Module 2 (lower path, left to right): 1. From the negative terminal of V_i (bottom rail), current flows right through 
input inductor Lc. 2. Node after Lc connects to the positive plate of coupling capacitor Cc (marked +) and to the drain of bidirectional switch Q_c. Q_c's 
source connects to the top rail. 3. The junction between 

Lc, Cc, and Q_c connects to the primary winding of high-frequency transformer T2 (centre-tapped, dots shown). The 
primary centre-tap connects to the Module 2 primary node (dot symbol). 4. The secondary side of T2 connects to the positive plate of coupling capacitor Cd (marked +), and through inductor Ld 
to the negative terminal of output capacitor C2 (marked +, polarity shown). The right terminal of C2 connects to the output node Vo. 5. Bidirectional switch Q_d is connected between the Cd–Ld 
junction and the negative rail of the output. The output voltage Vo appears across the parallel combination of C1 and C2 and the load (shown as a circle symbol at the far right). The two 
modules are connected differentially: Module 1 provides the positive half-cycle contribution and Module 2 provides the negative half-cycle contribution, together synthesising the ac output. Each 
bidirectional switch (Q_a, Q_b, Q_c, Q_d) is drawn as a MOSFET symbol with an anti-parallel diode, indicating four-quadrant switching capability. Current direction arrows on Q_a and Q_c 
point downward; those on Q_b and Q_d point downward into the secondary network. 
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FIGURE 29.3 Direction of the current flow [2]: (a) and (b) for positive load current and (c) and (d) for negative load current. (a) Mode 1, when Qa,
Qd are ON and Qb, Qc are OFF; (b) Mode 2, when Qa, Qd are OFF and Qb, Qc are ON; and (c) and (d) are Modes 3 and 4 corresponding to negative
load current.
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Ca Cb 

FIGURE 29.3 — 
Circuit schematic (four panels) with transformers T1 and T2. 

Direction of the current flow [2]: panels (a) and (b) show positive load current; panels (c) and (d) show negative load current. (a) Mode 1, when Qa, 
Qd are ON and Qb, Qc are OFF; (b) Mode 2, when Qa, Qd are OFF and Qb, Qc are ON; (c) and (d) are Modes 3 and 4 corresponding to negative 
load current. Component details in the table below.Each of the four panels depicts the same DC–DC converter power stage — a full-bridge (H-bridge) circuit 

with high-frequency transformer elements T1 and T2 and an output filter — with arrows indicating the active current-flow path for the respective operating mode. The input source Vi is 
on the left with its negative terminal referenced to ground (earth symbol). The output terminals Vo appear on the right across load resistor R, with filter capacitors C1 and C2 in 
parallel with R.Common topology across all four panels:• Input source Vi: left side, positive terminal at top, negative terminal grounded.• Primary H-bridge switches: Qa (top-left leg, 
with antiparallel diode) and Qc (bottom-left leg, with antiparallel diode) form the left leg; Qb (top-right leg, with antiparallel diode) and Qd (bottom-right leg, with antiparallel diode) form 
the right leg.• Primary-side series inductors and capacitors: La and Ca in the top-left branch; Lc and Cc in the bottom-left branch.• Transformer elements T1 and T2: centre of the 
schematic; T1 is the upper transformer element and T2 is the lower transformer element, with their windings connected between the bridge and the right-side output stage. The 
transformer symbols show dot-convention polarity marks.• Secondary-side series elements: Cb and Lb in the top-right branch; Cd and Ld in the bottom-right branch (Ld appears in 
panels b, c, d; in panel a the bottom-right inductor is unlabeled / ~Ld).• Output filter and load: C1 (top capacitor, positive terminal marked) and C2 (bottom capacitor, positive terminal 

marked) in series/parallel with load resistor R between output rail Vo and the return rail.Panel (a) — Mode 1, positive load current 

(Qa, 

Qd ON; 

Qb, Qc OFF):1. Current flows from Vi positive terminal → through La → Ca → 
top primary terminal of T1 (dot end).2. Through T1 primary winding → bottom primary terminal → back to Vi negative terminal via the grounded return rail; Qa (top-left) is ON carrying this 
current.3. On the right-side output stage, current exits the dot (top) terminal of the transformer winding → through Cb → Lb → top of output capacitor C1 → through load R → back through C2 
→ bottom return → bottom rail; Qd (bottom-right) is ON.4. Arrow directions in panel (a) indicate clockwise flow on the primary loop and left-to-right then downward flow on the secondary/output 
loop.Panel (b) — Mode 2, positive load current (Qa, 

Qd OFF; 

Qb, Qc ON):1. Current flows from 

Vi positive terminal → top rail → top of the primary bridge via the right primary path.2. Through the transformer winding → exits the lower terminal → Lc → Cc → return to Vi negative; Qc 
(bottom-left) is ON.3. Right-side current flows through Qb (top-right, ON) and Cb, with direction reversed relative to mode 1, through the output to the load.4. Qd antiparallel diode may conduct freewheeling current; arrows indicate reversed primary current 
direction compared with panel (a).Panel (c) — Mode 3, negative load current (Qa, Qd ON; Qb, Qc OFF):1. Negative load current flows in the output loop from the load R back toward the transformer (current direction arrows are reversed relative to panel a).2. 
On the primary side Qa (top-left) and Qd (bottom-right) are ON; current path mirrors Mode 1 in terms of switch states but the actual current direction in the transformer and output inductor Ld is reversed.3. Ld is now explicitly labeled in the bottom-right 
branch; arrow on bottom secondary rail points rightward (back toward source).Panel (d) — Mode 4, negative load current (Qb, 

Qc ON; 
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right-side current flows through Ld, Cd bottom branch back to source.3. Arrow directions in panel (d) mirror panel (b) in switch state but carry negative load current, completing the four-quadrant operating cycle.
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FIGURE 29.3 — Labeled components across all four panels (values not given in diagram)DesignatorComponent TypeLocation / BranchConnectivity / Notes

ViDC input voltage sourceFar leftPositive terminal at top; negative terminal grounded (earth symbol)LaInductorTop-left primary branchSeries with C

a; between 

Vi positive rail and T1 primary top terminalCaCapacitorTop-left primary branchSeries with La; between La and T1 primary top terminal; polarity mark shownQaControlled switch (transistor with 
antiparallel diode)Left leg, upper switchBetween top primary rail and T1 primary; ON in Modes 1 and 3 (panels a, c)LcInductorBottom-left primary branchSeries with Cc; between T1 primary bottom terminal and 

Vi negative/ground railCcCapacitorBottom-left primary branchSeries with Lc; polarity mark shown

QcControlled switch (transistor with antiparallel diode)Left leg, lower switchBetween T1 primary bottom terminal and ground; ON in Modes 2 and 4 (panels b, d)T1High-frequency 
transformerCentre of schematic, upper transformerUpper transformer element; dot convention polarity markedT2High-frequency transformerCentre of schematic, lower transformerLower transformer element; dot convention polarity markedCbCapacitor
Top-right secondary branchSeries with Lb; between transformer top terminal and output rail; polarity mark shownLbInductorTop-right secondary branchSeries with Cb; between Cb and 

C1/Vo top railQbControlled switch (transistor with antiparallel diode)Right 
leg, upper switchIn the top-right leg of the primary H-bridge; ON in Modes 2 and 4 (panels b, d)QdControlled switch (transistor with antiparallel diode)Right leg, lower switchIn the bottom-right leg of the primary H-bridge; ON in Modes 1 and 3 (panels a, c)Cd
CapacitorBottom-right secondary branchSeries with Ld; between transformer bottom terminal and output return rail; polarity mark shownLdInductorBottom-right secondary branchSeries with Cd; present (explicitly labeled) in panels 

b, 

c, 

d; ~unlabeled in panel (a) bottom-right

C1Output filter capacitorOutput stage, topBetween Vo top rail and 
midpoint; positive terminal at top; in parallel with series combination of 

C2 and R

C2Output filter capacitorOutput stage, bottomBetween midpoint and Vo 
bottom rail; positive terminal at top; in parallel with R (bottom half)RLoad resistorOutput stage, right sideConnected between Vo positive rail and Vo negative rail; in parallel with 

C1 

and 

C2 series combinationVoOutput voltage terminalFar rightAcross R, 

C1, 

C2; positive terminal at topNo component values or ratings are given in 
the diagram. All switch symbols include an antiparallel diode. ~Ld in panel (a) bottom-right is inferred; label is not clearly printed in that panel.

Cd 

T1 

T2 

Vo 

Ld 
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have not appeared in any literature. The output of the inverter
is the difference between two “sine-wave modulated PWM con-
trolled” isolated Ĉuk inverters (Module 1 and Module 2), with
their primary sides connected in parallel. The two diagonal
switches of two modules are triggered by a same signal (Qa =

Qd and Qb = Qc), while the two switches in each module have
complementary gate signals (Qa = /Qb and Qc = /Qd). As
we know, the output voltage of an isolated Ĉuk inverter can be
expressed as follows:

Vo = Vi ·
D

N · (1− D)
, (29.1)

where D is the duty ratio, N is the transformer turns ratio, and
Vi is the input voltage. Because duty ratios for Modules 1 and
2 are complementary, the output difference between the two
modules is

Vo = Vc1 − Vc2 = Vi ·

(
D

N · (1− D)
−

1− D

N · D

)
. (29.2)

The curves corresponding to the terms in (Eq. 29.2) with
respect to the duty ratio D (assuming N = 1) are plotted in
Fig. 29.4. The figure shows that although the gain-duty ratio
curves of Modules 1 and 2 are not linear, their difference is
almost linear. Therefore, if a sine-wave-modulated duty ratio
D is used as a control signal for the inverter, then its output
voltage will be a sine wave with small distortion.

29.2.3 Design Issues

A 1 kW single-stage isolated dc–ac Ĉuk inverter prototype
was designed and tested to verify its performance for fuel cell
application, where stack voltage is 36 V. Some design issues are
discussed later.
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FIGURE 29.4 Voltage gain versus D [2] for Modules 1 and 2 (top and bottom), and their difference (middle).

29.2.3.1 Choice of Transformer Turns-Ratio and
Duty-Ratio Calculation

An inverter, normally, if operating at lower range of duty ratio
(i.e., lower modulation index) with output power and input dc
voltage fixed will produce lower output voltage, i.e., a higher
current. This results in higher conduction losses and lower effi-
ciency. Therefore, from the efficiency point of view, an inverter
should usually operate at wide range of duty ratio. However,
there is a duty-ratio limitation for proper operation on the
dc–ac Ĉuk inverter. Unlike dc–dc, the duty ratios of the control
PWM signals are not constant but sine-wave modulated. For a
given input voltage (36 V dc, for instance) and output voltage
(110 V ac, 60 Hz), the shape and magnitude of duty ratio (D)
for dc–ac Ĉuk inverter will vary according to transformer turns
ratio (N) [2]:

Vo

Vi
=

Vm · sin(wt)

Vi
=

2D − 1

N · D · (1− D)
. (29.3)

Solving D, we obtain [2]

D =
(α · sin(wt)− 2)±

√
4+ (α · sin(wt))2

2α · sin(wt)
=

A± B

C
,

(29.4)

where α = Vm · N /Vi. It is a constant value. Vm represents the
amplitude of the desired output sine wave. The numerical cal-
culation shows that term B in (Eq. 29.4) is always larger than A.
Thus, A + B is always positive while A − B is negative. There-
fore, only (A+B)/C is considered because D has to be a positive
value. Note, when sin(wt)→ 0, C → 0, and A + B → 0. In
this case, D is calculated using L’Hospital’s rule as [2]

D = lim
sin(wt)→0

A+ B

C
=

d(A+ B)/d(sin(wt))

d(C)/d(sin(wt))
=

1

2
. (29.5)
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FIGURE 29.4 Voltage gain versus D [2] for Modules 1 and 2 (top and bottom), and their difference (middle). Figure 29.4 — Voltage gain 
(V_out/V_in) versus duty ratio D for Modules 1 and 2 and their difference. Duty Ratio D Module 1 (top curve) V_out/V_in Module 2 (bottom curve) V_out/V_in Difference (middle 
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FIGURE 29.5 The plotted waveforms [2] of D = (A + B)/C for variable transformer turns ratio (solid). (a) N = 2:1; (b) N = 1:2; and (c) N = 1:5,
as compared with a standard sine wave (dash).
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TABLE 29.1 Shape and range of D for different transformer turns ratio

Turns ratio Shape of D Magnitude of D Figure number

2:1 Not a sine wave 0.1 ∼ 0.9 5a

1:3 Close to a sine wave 0.34–0.66 5b

1:5 Very close to a sine wave 0.39 ∼ 0.61 5c

Figure 29.5 shows the plot of D = (A + B)/C for three dif-AQ:4
ferent transformer turns ratios. The results are summarized in
Table 29.1. It is clearly shown that, there is a trade-off between
output voltage distortion and duty-ratio range. An optimal
transformer turns ratio, N = 3, is selected with corresponding
D varying from 0.34 to 0.66.

29.2.3.2 Lossless Active-Clamp Circuit to Reduce
Turn-Off Losses

There will be severe voltage spikes and ringing across the
switches during turn-off. They are caused by the transformer
and other parasitic leakage inductances combined with a very
high current reverse going through the transformer primary
side. The spike problem is more serious at the point where the
output sine wave is at its peak because of the highest instanta-
neous current value at that point. The circuit inside the dotted
block of Modules 1 and 2 in Fig. 29.6 shows a lossless active-
clamp circuit, which can achieve zero-voltage turn-off, thereby
reducing the turn-off losses and limiting the maximum voltage
across the main switches. The circuit for each module con-
tains two auxiliary diodes, one capacitor, one inductor, and one
switch. The auxiliary switches Ss1 and Ss2 are triggered using
the same gate signals as their corresponding main switches.
The equations to calculate capacitance Cs and inductance Ls

Qa

Qc

La

Lc Cc

Vi

Ds1

Ls1

Ss1

Cs1

Ds1’

Ls2

Cs2

Ds2’

Ds2

Ss2

Ca
T1

T2Llk2

Llk1

+

+

+

−

FIGURE 29.6 The single-stage Ĉuk inverter with lossless active-clamp circuit at the primary side [2].

are listed as follows [2]:

Cs ≥ Llk ·

(
Vin · D(wt)·

f · (Vc max(wt)− N · Vo(wt) · Le)

)2

, (29.6)

Le =
(1/N)2

· La · Lb

La+ Lb · (1/N)2
, (29.7)

Ls ≤
D2(wt)

f 2 · Cs · [ar cos(− 1
r(wt) )+

√
r2(wt)− 1]

, (29.8)

r(wt) =
Vc max(wt)

Vin
, (29.9)

where D(wt) is the sine wave modulated duty ratio, Vo(wt) is
the sine wave output, Vc max is the maximal clamped voltage,
and Le is the effective inductance. With reference to Fig. 29.6,
when the switch Qa turns OFF, the clamp circuit will create
an alternate path formed by diode Ds1 and capacitor Cs1 to
divert the turn-off current from the primary switch Qa. After
switch Qa and Ss1 are turned ON, the energy stored in capacitor
Cs1 will eventually be fed back to the capacitor Ca as useful
power. The performance of the active-clamp circuit along with
inverter performance is provided in detail in [11].

29.3 Ripple-Mitigating Inverter [3,4]

The inverter (see Fig. 29.7) described in this section comprises
a dc–dc zero-ripple boost converter (ZRBC), which generates
a high-voltage dc at its output followed by a soft-switched,
transformer isolated dc–ac inverter, which generates a 110 V ac.
The HF-inverter switches are arranged in a multilevel fashion
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Circuit schematic. The single-stage Ćuk inverter with lossless active-clamp circuit at the primary side [2]. Component details in the table below. The 
diagram is a circuit schematic depicting two parallel Ćuk converter modules (Module 1, upper half; Module 2, lower half) driven from a common DC input 
source Vi with its positive terminal at the top rail and its negative terminal connected to ground (shown by three parallel horizontal lines). Both modules 
share a common positive bus rail at the top and a common negative/ground rail at the bottom. Upper module (Module 1) signal flow, from left to right: 1. 
Inductor La connects from the positive input rail to a node at the top of main switch Qa. 2. Main switch Qa (shown as a transistor symbol with gate driven 
by the same gate signal as the corresponding main switch) connects from that node down to the ground rail. A positive terminal marker (+) appears on the 
top-left rail entering La. 3. From the node between La and Qa, clamp capacitor Ca connects rightward (positive terminal on the left side) to a central node. 
4. From the central node, auxiliary inductor Ls1 connects rightward to the anode of auxiliary diode Ds1; the cathode of Ds1 connects to the top bus rail 
(right-hand side of the upper module). 5. Also from the central node, auxiliary switch Ss1 connects downward; from the bottom of 

Ss1, clamp capacitor 
Cs1 connects to the ground rail. Auxiliary diode Ds1' is connected in antiparallel with (or in series with, across) 

Ss1 — its anode connects to the bottom terminal of Ls1/top of Ss1 and cathode to the top bus rail, providing a freewheeling path. 6. From the right-hand central bus, leakage inductance Llk1 connects rightward to the dotted primary winding of transformer T1. 
The dot on T1 primary is at the top. The secondary winding of T1 feeds the AC output (right edge). Lower module (Module 2) signal flow, from left to right (mirror image of Module 1): 1. Inductor Lc connects from the ground rail (bottom) leftward node to the 
bottom of main switch Qc. A positive terminal marker (+) appears on the bottom-right side of Lc. 2. Main switch Qc connects from that node up to the positive rail. 3. Clamp capacitor Cc connects rightward (positive terminal on the right) from the node 
between Lc and Qc to a central lower node. 4. From the central lower node, auxiliary inductor Ls2 connects rightward to the anode of auxiliary diode Ds2'; the cathode of Ds2' connects upward toward the node between Ss2 and Cs2. 5. Auxiliary switch Ss2 
connects from the top bus rail downward; clamp capacitor Cs2 connects from the bottom of Ss2 to the ground rail. Auxiliary diode Ds2 is placed to the right of Ls2, with its cathode connecting to the right-hand rail of the lower module and anode to the Ls2/D
s2' node. 6. From the right-hand lower bus, leakage inductance Llk2 connects rightward to the dotted primary winding of transformer T2. The dot on T2 primary is at the bottom. The secondary winding of T2 feeds the AC output (right edge), series-connected 
with T1 secondary. The two transformer secondaries (T1 and T2) are series-connected on the output (right side), producing the AC output voltage. Gate signals for Ss1 and Ss2 are the same as those for their corresponding main switches Qa and Qc 
respectively. Component list for Figure 29.6 — single-stage Ćuk inverter with lossless active-clamp circuit DesignatorComponent TypeModule / LocationKey Connections / Notes 

ViDC input voltage sourceInput (left)Positive terminal to top rail; negative terminal to ground rail LaInductorModule 1 (upper)Connects positive input rail to drain node of Qa and left plate of 
Ca QaMain switch (transistor)Module 1 (upper)Between node (La/Ca) and ground rail; gate driven by primary PWM signal CaClamp / coupling capacitorModule 1 (upper)Connects node (La/Qa) to central Module 1 node; positive terminal on left Ls1Auxiliary 
inductorModule 1 (upper), clamp branchFrom central node rightward to anode of D

s1 Ds1Auxiliary diodeModule 1 (upper), clamp branchAnode to Ls1 output; cathode to upper right rail Ds1'Auxiliary diode 
(freewheeling)Module 1 (upper), clamp branchAssociated with Ss1; provides alternate conduction path Ss1Auxiliary switchModule 1 (upper), clamp branchBetween upper rail and top of Cs1; same gate signal as 

Qa Cs1Auxiliary clamp capacitorModule 1 (upper), clamp branchBetween bottom of Ss1 and ground rail; stores recovered turn-off energy 

Llk1Leakage inductanceModule 1 (upper), output branchSeries with primary winding of T1 T1
TransformerModule 1 (upper), outputPrimary fed from upper right rail via Llk1; dot at top of primary; secondary series-connected to output LcInductorModule 2 (lower)Connects ground rail to source node of Qc and right plate of Cc QcMain switch (transistor)
Module 2 (lower)Between positive rail and node (

Lc/ Cc); gate driven by primary PWM signal CcClamp / coupling capacitorModule 2 (lower)Connects node (Lc/
Qc) to central Module 2 node; positive terminal on right Ls2Auxiliary inductorModule 2 (lower), clamp branchFrom central lower node rightward to anode of 

Ds2' 

Ds2'Auxiliary diode (freewheeling)Module 2 (lower), clamp branchAssociated with 

Ss2; provides alternate conduction path Ss2Auxiliary switchModule 2 (lower), clamp branchBetween upper rail and top of Cs2; same gate signal as 

Qc Cs2Auxiliary clamp capacitorModule 2 (lower), clamp branchBetween bottom of Ss2 and ground rail Ds2Auxiliary diodeModule 2 (lower), clamp branchCathode to 
lower right rail; anode to Ls2/

D

s2' node 

Llk2Leakage inductanceModule 2 (lower), output branchSeries with primary winding of T2 T2
TransformerModule 2 (lower), outputPrimary fed from lower right rail via Llk2; dot at bottom of primary; secondary series-connected to output with T1 secondary Source: 

Rashid, Ch29-9780123820365. 

Figure 29.6 caption: “The single-stage Ćuk inverter with lossless active-clamp circuit at the primary side [2].” 
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and are modulated by a fully rectified sine wave to create a
HF, three-level ac voltage as shown in Fig. 29.7. Multilevel
arrangement of the switches is particularly useful when the
intermediate dc voltage >500 V. The HF inverter is followed
by the ac–ac converter, which converts the three-level ac to a
voltage that carries the line-frequency sinusoidal information.

29.3.1 Zero-Ripple Boost Converter (ZRBC)

The ZRBC is a standard nonisolated boost converter with the
conventional inductor replaced by a hybrid zero-ripple filter
(ZRF). The ZRF (shown in Fig. 29.8) is viewed as a com-
bination of a coupled inductor (shown in Fig. 29.7) and a
half-bridge active power filter (APF) (shown in Fig. 29.7). Such
a hybrid structure serves the dual purpose of reducing the HF
current ripples and the low-frequency current ripples. The cou-
pled inductor minimizes the HF ripple from the source current
(IDC+i2 = i1) and the APF minimizes the low-frequency ripple
from the source current (IDC+ iac = iin). IDC is the dc supplied
by the source, i2 is the HF ac supplied by the series combination
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FIGURE 29.7 Schematic of the ripple-mitigating inverter [3]. The source can PV/battery/rectified wind as well.

of identical capacitors C1 and C2 (in Fig. 29.7), and iac is the
low-frequency ac supplied by the APF storage reactor Lr. For
effective reduction of the HF current from the source output,
the value of the capacitors C1 and C2 should be as large as pos-
sible. However, the series combination should be small enough
to provide a high-impedance path to the low-frequency current
iac. Therefore, for a chosen value of capacitor, the values of the
following expression hold true [3]:

C1 = C2 = 2C, (29.10a)

f HF =
1
√

L2C
, (29.10b)

f LF =
1

√
4LrC

, (29.10c)

where fHF is the switching frequency of the converter and fLF is
the lowest frequency component in iac.

Assuming the switching frequency is approximately 20 times
the lowest frequency component, the value of ZRF passive
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and are modulated by a fully rectified sine wave to create a 
HF, three-level ac voltage as shown in Fig. 29.7. Multilevel 
arrangement of the switches is particularly useful when the 
intermediate dc voltage >500 V. The HF inverter is followed 
by the ac–ac converter, which converts the three-level ac to a 
voltage that carries the line-frequency sinusoidal information. 

29.3.1 Zero-Ripple Boost Converter (ZRBC) 
The ZRBC is a standard nonisolated boost converter with the 
conventional inductor replaced by a hybrid zero-ripple filter 
(ZRF). The ZRF (shown in Fig. 29.8) is viewed as a combination 

of a coupled inductor (shown in Fig. 29.7) and a 
half-bridge active power filter (APF) (shown in Fig. 29.7). Such 
a hybrid structure serves the dual purpose of reducing the HF 
current ripples and the low-frequency current ripples. The coupled 

inductor minimizes the HF ripple from the source current (
IDC + i2 = i1) and the APF minimizes the low-frequency ripple 
from the source current (IDC + iac = iin). IDC is the dc supplied 
by the source, i2 is the HF ac supplied by the series combination 

of identical capacitors C1 and C2 (in Fig. 29.7), and iac is the 
low-frequency ac supplied by the APF storage reactor Lr. For 
effective reduction of the HF current from the source output, 
the value of the capacitors C1 and C2 should be as large as possible. 

However, the series combination should be small enough 
to provide a high-impedance path to the low-frequency current 
iac. Therefore, for a chosen value of capacitor, the values of the 
following expression hold true [3]: 
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where fHF is the switching frequency of the converter and fLF is 
the lowest frequency component in iac. 

Assuming the switching frequency is approximately 20 times 
the lowest frequency component, the value of ZRF passive 

Figure 29.7 — Schematic of the ripple-mitigating inverter [3]. The source can PV/battery/rectified wind as well. Diagram type: Multi-panel 
power-electronics flow-loop schematic with waveform panels. Three panels: (a) full system schematic spanning ZRBC, HF Inverter, AC/AC stage, and Filter blocks; (b) 
primary-voltage waveform Vpri showing 0.5 VDC peak; (c) AC-output waveform Vao showing 0.5 NVDC peak. Component details in the table below. Panel (a) — System Schematic 
The schematic is divided into four dashed-boundary blocks from left to right: ZRBC (Zero-Ripple Boost Converter), HF Inverter (High-Frequency Inverter), AC/AC (cycloconverter 
stage), and Filter. Source and ZRBC block: A fuel-cell stack on the far left supplies current IFC. The positive terminal connects through a coupled-inductor zero-ripple filter whose 
windings are labeled N2 (upper) and N1 (lower), carrying node current Iin into the rest of the ZRBC. Two capacitors C1 (upper, labeled “1”) and C2 (lower, labeled “2”) are connected 
between the midpoint rails and ground inside the ZRBC. A switch S (with diode symbol Di2 beside it) and capacitor C4 appear in the lower ZRBC path. The ZRBC output node carries 
VDC and also produces the low-frequency AC signal Iac; current C3 feeds into node Di1. HF Inverter block: Four switches 

S1, 

S2, 

S3, 

S4 form an H-bridge. S1 is top-left, S2 is middle-left (sharing the midpoint with a flying capacitor Cfly), S3 is middle-right, and S4 is 
bottom-right. Each switch symbol includes an anti-parallel diode. The HF inverter is fed by VDC. The transformer primary winding (labeled Llk in series, with dot convention) connects to the midpoint of the S1/S2 and S3/S4 legs. The transformer has a 1:N:N 
turns ratio; the primary carries current ipri (dotted terminal at top) and there are two secondary windings each with a dotted terminal (top secondary labeled “o”, bottom secondary also “o”, with dots at their upper terminals). The primary voltage Vpri is marked 
at the primary winding. AC/AC (cycloconverter) block: Four bidirectional switches 

Q1 (top-left), 

Q2 (middle-left), 

Q3 (middle-right), 

Q4 (bottom-right) are arranged in a bridge. Each Q device symbol shows two anti-parallel 
diode-transistor pairs. The two secondary windings of the transformer feed the top and bottom rails of the Q bridge respectively. Filter block: Four diodes D1 (top), D2 (middle-upper), D3 (middle-lower), D4 (bottom) form a diode bridge on the AC/AC output. 
Point “a” is labeled at the junction of D2 and D3. The DC output of the diode bridge feeds through filter inductor Lf (series) carrying current Iout, and filter capacitor Cf (shunt) to the Load, across which the output voltage Vout appears. The bottom rail is 
ground/return. Signal flow (left to right): 1. Fuel-cell stack → IFC → Zero-ripple filter (N2, N1, C1, C2, 

C4, S, Di2) → VDC bus. 2. VDC bus → C3, Di1 → HF Inverter H-bridge (S1–S4, Cfly) → transformer primary (Llk, 1:N:N). 3. 
Transformer secondaries → AC/AC bridge (Q1–Q4) → diode bridge (D1–D4). 4. Diode bridge output → Lf → Cf ‖ Load → Vout. Panel (b) — Primary voltage waveform Vpri: A square-wave 
waveform is shown with amplitude peaks at +0.5 

VDC and 

−0.5 V DC (the negative peak is implied by symmetry; the positive peak is explicitly labeled 0.5 VDC with an upward arrow). The waveform represents the high-frequency switching output at the transformer 
primary. Panel (c) — AC output voltage waveform Vao: A multilevel stepped waveform is shown with amplitude peak labeled 0.5 NVDC (upward arrow). The waveform represents the synthesized AC output voltage at node “ao”, showing more voltage steps 
(multilevel characteristic) than the primary waveform in panel (b). 
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D3 
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D f1 

D f2 
L r 

Figure 29.7 — Labeled components and signals in the ripple-mitigating inverter schematic (panel a) Designator Component / Signal Block Notes / Connections Fuel-cell stackDC sourceSource
Supplies 

IFC; positive terminal to zero-ripple filter, negative to ground IFCFuel-cell current (signal label)ZRBCInput current entering ZRBC from source 

N2, 

N1Coupled inductor windings (zero-ripple filter)ZRBCN2 upper winding, N1 lower winding; node labeled 

Iin at output 

IinInput current to inverter (signal label)ZRBCCurrent after zero-ripple filter IacLow-frequency AC current (signal label)ZRBCAC 
component supplied by APF; flows at VDC node 

C1CapacitorZRBCUpper capacitor (labeled “1”); between upper rail and midpoint/ground 

C2CapacitorZRBCLower capacitor (labeled “2”); between lower rail and midpoint/ground C4CapacitorZRBCIn lower ZRBC path alongside switch S SSwitchZRBCZRBC boost 
switch in lower path; paired with Di2 Di2DiodeZRBCAssociated with switch S in lower ZRBC path C3CapacitorZRBC / HF Inverter interfaceConnects VDC bus to Di1 node feeding inverter Di1DiodeZRBC / HF Inverter interfaceBetween 

C3 and 

HF inverter input VDCDC bus voltage (signal label)HF InverterVoltage at DC bus feeding H-bridge S1Switch 
(with anti-parallel diode)HF InverterTop-left of H-bridge; connects VDC positive rail to left mid-node S2Switch (with anti-parallel diode)HF InverterMiddle-left of H-bridge; connects left mid-node 
to negative rail; 

Cfly across midpoints S3Switch (with anti-parallel diode)HF InverterMiddle-right of H-bridge S4Switch (with anti-parallel diode)HF Inverter
Bottom-right of H-bridge; connects right mid-node to negative rail CflyFlying capacitorHF InverterConnected between the midpoints of the left and right H-bridge legs 

LlkLeakage/series inductorHF InverterIn series with transformer primary winding 1:N:N (transformer)High-frequency 
transformerHF Inverter / AC/AC interfacePrimary fed by H-bridge via Llk; two secondary windings each ratio N; dot convention shown ipriPrimary current (signal label)HF InverterCurrent into dotted terminal of primary winding 

VpriPrimary voltage (signal label)HF InverterVoltage across transformer primary; waveform shown in panel (b) Q1Bidirectional switchAC/ACTop-left of cycloconverter bridge; connects upper secondary to 
AC/AC top rail Q2Bidirectional switchAC/ACMiddle-left of cycloconverter bridge Q3Bidirectional switchAC/ACMiddle-right of cycloconverter bridge Q4Bidirectional switchAC/ACBottom-right of cycloconverter bridge; connects lower secondary to AC/AC 
bottom rail 

D

1DiodeFilterTop diode of output diode bridge D2DiodeFilterUpper-middle diode of output diode bridge; node “a” at its cathode junction 
with D3 D3DiodeFilterLower-middle diode of output diode bridge; node “a” D4DiodeFilterBottom diode of output diode bridge aNode labelFilterJunction point at mid-rail of diode bridge output Lf
Filter inductorFilterSeries inductor between diode bridge output and load; carries 

Iout 
IoutOutput current (signal label)FilterCurrent through Lf to load 

CfFilter capacitorFilterShunt capacitor from output rail to ground, in 
parallel with Load LoadLoad (generic)FilterConnected between output rail and ground; 

Vout across it 

VoutOutput voltage (signal label)FilterVoltage across Load and Cf 

VaoAC output voltage waveform (signal label)Panel (c)Multilevel stepped waveform; peak = 0.5 NVDC Voltage values expressed relative to VDC (dc bus voltage) and N (transformer turns ratio). Reference [3] 
cited in original caption. 

o 

Load 

AC/AC Filter ZRBC 

pri 
1:N:N 
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(c) 

a 
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2 

Zero ripple 
filter 

ac pri 

Source: Rashid, Ch29-9780123820365, 2010/10/5, p. 

8. Author: 

S.K. Mazumder. Figure 29.7 caption: 
“Schematic of the ripple-mitigating inverter [3]. The source can PV/battery/rectified wind as well.” 
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FIGURE 29.8 Schematic diagrams [3] and [4] of (a) coupled inductor structure for reducing the HF current ripple; (b) half-bridge active filter, which
compensates for the low-frequency harmonic-current-ripple demand by the inverter; and (c) the proposed hybrid ZRF structure.

components L2 and Lr can be determined as follows [3]:

fHF ≥ 20fLF, (29.10d)

1
√

L2C
≥

10
√

LrC
, (29.10e)

Lr ≥ 100L2. (29.10f)

Therefore, the value of L2 should be small in order to limit
the value of Lr and also to minimize the phase shift in the
injected low-frequency current iac.

In the following subsections, the HF and low-frequency ac-AQ:5
reduction mechanisms and the conditions to achieve the same
are discussed. In addition to this, the effect of coupled induc-
tor parameters on the bandwidth of the open-loop system
will be discussed. For the purpose of analysis, the value of
the capacitors C1 and C2 is assumed to be large. Hence, the
dynamics of the APF is assumed to have minimal effect on the
coupled-inductor analysis.

29.3.1.1 HF Current-Ripple Reduction
In this section, the inductance offered by the coupled induc-
tor and the ripple reduction achievable is discussed. For that
purpose, we need to derive an expression for the effective
inductance of the coupled inductor. Because the value of the
capacitors C1 and C2 is large and that of L22 is small, the
dynamics of the APF is assumed to have minimal effect on the
coupled-inductor analysis. The pi-model for the zero-ripple
coupled inductor and the excitation voltage and the current for
the primary and the secondary windings are shown in Fig. 29.9.
The currents i1HF and i2HF are, respectively, the primary and
the secondary ac shown in Fig. 29.9:

vFC = (L1 + LM)
di1HF

dt
+ nLM

di2HF

dt
, (29.11a)

vC = (L1 + LM)
di1HF

dt
+ (L2 + nLM)

di2HF

dt
, (29.11b)

vFC vC
+

−

+

−

+

−

+

−

l :n

L1 i1HF ni2HF i2HF
L2

iM

LM

FIGURE 29.9 Ac model for the coupled inductor shown in Fig. 29.8a [3].

n =
N2

N1

∼=

√
L22

L11
, (29.11c)

where L11 is the self inductance of the primary winding with
N1 turns. Solving (Eqs. 29.11a) and (29.11b), the expressions

for di1HF

dt
and di2HF

dt
are obtained using

di1HF

dt
=

(L2 + nLM)vFC − nLMvC

(L1 + LM)L2

=
vFC

(L1 + LM)
+

nLM(vFC − vC)

(L1 + LM)L2
, (29.12a)

di2HF

dt
=

vFC − vC

−L2
. (29.12b)

By substituting Eq. (29.12a) in Eq. (29.12b), we obtain the
following expression:

di1HF

dt
=

(L2 + nLM)vFC − nLMvC

(L1 + LM)L2

=
vFC

(L1 + LM)
−

nLM

(L1 + LM)

di2HF

dt
. (29.12c)
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Therefore, the value of L2 should be small in order to limit 
the value of Lr and also to minimize the phase shift in the 
injected low-frequency current iac. 

In the following subsections, the HF and low-frequency 
ac-reduction mechanisms and the conditions to achieve the same 
are discussed. In addition to this, the effect of coupled inductor 

parameters on the bandwidth of the open-loop system 
will be discussed. For the purpose of analysis, the value of 
the capacitors C1 and C2 is assumed to be large. Hence, the 
dynamics of the APF is assumed to have minimal effect on the 
coupled-inductor analysis. 

29.3.1.1 HF Current-Ripple Reduction 
In this section, the inductance offered by the coupled inductor 

and the ripple reduction achievable is discussed. For that 
purpose, we need to derive an expression for the effective 
inductance of the coupled inductor. Because the value of the 
capacitors C1 and C2 is large and that of L22 is small, the 
dynamics of the APF is assumed to have minimal effect on the 
coupled-inductor analysis. The pi-model for the zero-ripple 
coupled inductor and the excitation voltage and the current for 
the primary and the secondary windings are shown in Fig. 29.9. 
The currents i1HF and i2HF are, respectively, the primary and 
the secondary ac shown in Fig. 29.9: 
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n
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FIGURE 29.9 Ac model for the coupled inductor shown in Fig. 29.8a [3]. 

where L11 is the self inductance of the primary winding with 
N1 turns. Solving (Eqs. 29.11a) and (29.11b), the expressions 
for di1HF

dt and di2HF
dt are obtained using 

n=
N2
N1≅

L22
L11, 

(29.11c) d

i1HFdt=(

L2+nL M)vFC−nL MvC(
L1+ LM)L2 =

vFC(
L1+ LM)+nL

M(vFC−vC)(
L1+ LM)L2, 

(29.12a) d

i2HFdt=

vFC−vC−
L2. 

(29.12b) 

By substituting Eq. (29.12a) in Eq. (29.12b), we obtain the 
following expression: d

i1HFdt=(

L2+nL M)vFC−nL MvC(
L1+ LM)L2 =

vFC(
L1+ LM)−nL

M(
L1+ LM)di2HFdt. (29.12c) 
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FIGURE 29.10 Normalized (a) effective inductance and (b) ripple current of the coupled inductor [3].

To reduce the ac component of the source current to zero,
the following condition should hold:

di1HF

dt
=

di2HF

dt
. (29.13)

Therefore, using the above condition and Eq. (29.12c), one
obtains [3]

di1HF

dt
=

vFC

L11

[
1+

(1+ n)

n
k

] = VFC

Leff
. (29.14)

The denominator of Eq. (29.14) is the effective inductance
Leff offered by the coupled-inductor structure of the hybrid fil-
ter. The effective inductance depends on the turns ratio n, the
coupling coefficient k, and the self inductance L11 of the pri-
mary winding. For very small values of turns ratio (n� 1),
significantly large values of effective inductances can be
obtained. Figure 29.10 shows the effective inductance curves
and the corresponding reduction in the ripple. Figure 29.10a
shows the dependence of normalized Leff on n as a function
of k. For the values of effective inductance shown in Fig. 29.10a,
the corresponding values of achievable ripple current in both
the coupled-inductor windings are shown in Fig. 29.10b. Using
Fig. 29.10b, a designer can decide on a value of HF current
ripple, and using the corresponding values of n and k the nor-
malized effective inductance can be chosen from Fig. 29.10a.
While deciding the value of HF ripple, one should choose a
small value for n (<0.25) to ensure that L22 is small enough
to prevent significant variations in the voltage across capaci-
tors C1 and C2. Also, the effective inductance should be chosen
to meet the bandwidth requirements of the ZRBC. Increase in
the effective input inductance has a two-pronged effect on the

open-loop frequency response of the ZRBC. First, the band-
width is reduced, and second, the RHP zero is drawn closer
to the imaginary axis resulting in a reduction in the available
phase margin and thereby the ZRBC stability.

29.3.1.2 Active Power Filter
The input current of the inverter comprises a dc component
and a 120-Hz ac component and is expressed as [3]

Idc+ Iac =
VoutIout

Vdc
cos(θ)−

VoutIout

Vdc
cos (2ωt − θ) , (29.15)

where, Vout are inverter output voltage

Iout are inverter output current
Vdc is the average value of voltage across the series
capacitors C1 and C2

θ is the load power factor angle.

Here, we derive the condition for low-frequency current rip-
ple elimination from the PCS input current. For the APF shown
in Fig. 29.8, the voltage across the storage reactor Lr of the APF
is expressed as

Vab = Va −
Vdc

2
= Vdc

(
Sa −

1

2

)
, (29.16)

where Sa is the modulating signal. The reactor current ir is

ir =
Vdc

(
Sa −

1
2

)
jωLr

, (29.17)

where, Sa = 0.5 +
∞∑

n=1
Bn sin(n(ωt + φ)) and ir =

Vdc
jωLr

Bn

sin
(
n
(
ωt + φ − π

2

))
(Considering only the fundamental com-

ponent.)

k=0.9 

FIGURE 29.10 Normalized (a) effective inductance and (b) ripple current of the coupled inductor [3]. Figure 29.10(a): 
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To reduce the ac component of the source current to zero, 
the following condition should hold: 

di 1HF 
dt 

di 2HF 
dt 

di1HFdt=di2HFdt

(29.13) 

Therefore, using the above condition and Eq. (29.12c), one 
obtains [3] 

di 

di

1HFdt= vFC

L11 1+(
1+ n)

n
k=

vFC
Leff

(29.14) 
dt 

The denominator of Eq. (29.14) is the effective inductance 
Leff offered by the coupled-inductor structure of the hybrid filter. 

The effective inductance depends on the turns ratio n, the 
coupling coefficient k, and the self inductance L11 of the primary 

winding. For very small values of turns ratio (n ≪ 1), 
significantly large values of effective inductances can be 
obtained. Figure 29.10 shows the effective inductance curves 
and the corresponding reduction in the ripple. Figure 29.10a 
shows the dependence of normalized Leff on n as a function 
of k. For the values of effective inductance shown in Fig. 29.10a, 
the corresponding values of achievable ripple current in both 
the coupled-inductor windings are shown in Fig. 29.10b. Using 
Fig. 29.10b, a designer can decide on a value of HF current 
ripple, and using the corresponding values of n and k the normalized 

effective inductance can be chosen from Fig. 29.10a. 
While deciding the value of HF ripple, one should choose a 
small value for n (<0.25) to ensure that L22 is small enough 
to prevent significant variations in the voltage across capacitors 

C1 and C2. Also, the effective inductance should be chosen 
to meet the bandwidth requirements of the ZRBC. Increase in 
the effective input inductance has a two-pronged effect on the 

open-loop frequency response of the ZRBC. First, the bandwidth 
is reduced, and second, the RHP zero is drawn closer 

to the imaginary axis resulting in a reduction in the available 
phase margin and thereby the ZRBC stability. 

29.3.1.2 Active Power Filter 
The input current of the inverter comprises a dc component 
and a 120-Hz ac component and is expressed as [3] 

Idc+Iac=
VoutIout

Vdccos(θ)−V

outIout
Vdc

cos(2ωt−θ) (29.15) cos(θ)−V (2ωt 

where, Vout are inverter output voltage

Iout are inverter output current
Vdc is the average value of voltage across the series 
capacitors C1 and C2
θ is the load power factor angle. 

Here, we derive the condition for low-frequency current ripple 
elimination from the PCS input current. For the APF shown 

in Fig. 29.8, the voltage across the storage reactor Lr of the APF 
is expressed as 

Vab= Va−Vdc
2=

Vdc Sa−12
(29.16) 

where Sa is the modulating signal. The reactor current ir is 

ir=
Vdc Sa−

1
2jωL

r
(29.17) 

jωL 

where, Sa= 0.5+∑n=1∞Bnsin(n(ωt+ )) and ir= Vdc BnjωLr

sin(n( ωt+ − π
2)) (Considering only the fundamental component.)

n=1 
sin(n(ωt jωL r 
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The current injected by the APF is

iac =

(
Sa −

1

2
ir

)
, (29.18a)

iac =
Vdc

ωLr
B2

n sin(ωt + φ) sin
(
ωt + φ −

π

2

)
, (29.18b)

iac =
Vdc

2ωLr
B2

n

[
cos

(π
2

)
− cos

(
2ωt + 2φ −

π

2

)]
. (29.18c)

In order to reduce the second harmonic in the input current
to zero, iac = Iac [3]

iac =
Vdc

2ωLr
B2

n cos
(

2ωt + 2φ −
π

2

)
=

VoIo

Vdc
cos(2ωt − θ).

(29.19a)

This yields

Bn =

√
2ωLrVoIo

Vdc
, (29.19b)

φ =
π

4
−
θ

2
. (29.19c)

29.3.2 HF Two-Stage DC–AC Converter

The two-stage dc–ac converter (shown in Fig. 29.7) com-
prises a soft-switched, phase-shifted SPWM, multilevel HF
converter (on the primary side of the transformer) and a line-
frequency-switched ac–ac converter (on the secondary side of
the transformer) followed by output low-pass filter. The mul-
tilevel arrangement of the HF converter switches reduces the
voltage stress and the cost of the HF semiconductor switches.
The ac–ac converter has two bidirectional switch pairs Q1 and
Q2, and Q3 and Q4 for a single-phase output. To achieve a
60-Hz sine-wave ac at the output, a sine-wave modulation is
performed either on the HF dc–ac converter or on the ac–ac
converter. Therefore, two different modulation strategies are
possible for the dc–ac converter. Both schemes result in the
soft switching of the HF converter, while the ac–ac converter
is hard-switched.

In the first modulation scheme, the ac–ac converter switches
follow SPWM, while the HF converter switches are switched
at fixed 50% duty ratio. The HF converter switches in this
scheme undergo zero-voltage turn-on. In the second mod-
ulation scheme, the switches of the multilevel HF converter
follow SPWM, and the ac–ac converter switches are switched
based on the power-flow information. Unlike the first modula-
tion scheme, which modulates the ac–ac converter switches at
HF, in the second modulation scheme, ac–ac converter oper-
ates at line frequency. The switches are commutated at HF
only when the polarities of output current and voltage are dif-
ferent. Usually this duration is very small, and therefore the
switching loss of the ac–ac converter is considerably reduced

compared with the conventional control method. Therefore,
the heat-sinking requirement of the ac–ac converter switches is
significantly reduced. The HF converter switches in this scheme
undergo zero-current turn-off. Control signals for the second
modulation scheme are shown in Fig. 29.11.

29.4 Universal Power Conditioner [1]

This approach achieves a direct power conversion and does not
use any front-end dc–dc converter. As shown in Fig. 29.12, this
approach has a HF dc–ac converter followed by a HF trans-
former and a forced ac–ac converter. Switches (Q1–Q4) on
the primary side of the HF transformer are sine-wave modu-
lated to create a HF three-level bipolar ac voltage. The three-
level ac at the output of the HF transformer is converted to
60/50-Hz line-frequency ac by the ac–ac converter and the out-
put LC filter. For an input of 30 V, the transformation ratio
of the HF transformer is calculated to be N = 13. Fabrica-
tion of a 1:13 transformer is relatively difficult. Furthermore,
high turns-ratio yields enhanced secondary leakage inductance
and secondary winding resistance, which result in measurable
loss of duty cycle and secondary copper losses, respectively.
Higher leakage also leads to higher voltage spike, which added
to the high nominal voltage of the secondary necessitate the
use of high-voltage power devices. Such devices have higher
on-resistance and slower switching speeds. Therefore, a com-
bination of two transformers and two ac–ac converters on
the secondary side of the HF transformer is identified to be
an optimum solution. For an input voltage in the range of
30–42 V, we use N = 6.5, while for an input voltage of more
than 42 V, we use N = 4.3. To change the transformation ratio
of the HF transformer, we use a single-pole double-throw
(SPDT) relay, as shown in Fig. 29.12a,b. Such an arrangement
not only improves the efficiency of the transformer but also
significantly improves the utilization of the ac–ac converter
switches for operation at 120/240 V ac and 60/50 Hz. For 120-V
ac output, the two ac–ac-converter filter capacitors are par-
alleled (as shown in Fig. 29.12a), while for 240-V ac output,
the voltage of the filter capacitor are connected in opposition
(as shown in Fig. 29.12b). Finally, Fig. 29.13 shows the closed-
loop control mechanism of the inverter for grid-parallel and
grid-connected modes. It is described in detail in [1] and not
repeated here.

29.4.1 Operating Modes

In this section, we discuss the modes of operation of the
inverter in Fig. 29.12 for 120-V and 240-V ac output and for
an input voltage in the range of 42–60 V (i.e., N = 4.3). The
modes of operation less than 42 V (i.e., N = 6.5) remain the
same. Figures 29.14 and 29.15 show the waveforms of the five
operating modes of the phase-shifted HF inverter and a posi-
tive primary and a positive filter-inductor current. Modes 2 and
4 show the zero-voltage switching (ZVS) turn-on mechanism
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The current injected by the APF is 

iac = ( Sa − 12 ir ) (29.18a) 

iac = 
Vdc ωLτ Bn2 sin (ωt+ ) sin ( ωt+ − π

2 ) 
(29.18b) 

iac = 
Vdc 2ωLτ B

n2 [ cos (
π

2) − 
cos ( 2ωt+2 − π

2 ) ] 
(29.18c) 

In order to reduce the second harmonic in the input current 
to zero, iac= Iac[3] 

iac = 
Vdc 2ωLτ B

n

2 

cos ( 2ωt+2 − π
2 ) = 

VoIo 
Vdc cos (2ωt−

θ) 

(29.19a) 
This yields 

Bn = 2ωLτ 
Vo Io 

Vdc 
(29.19b) 

= 
π
4 − 
θ

2 
(29.19c) 

2i 

ωL r 
sin(ωt ωt 

2ωL r 
B 2ωt 2φ 

2ωL r 
B 2ωt 2φ cos(2ωt 

√2ωL 
r 

29.3.2 HF Two-Stage DC–AC Converter 
The two-stage dc–ac converter (shown in Fig. 29.7) comprises 

a soft-switched, phase-shifted SPWM, multilevel HF 
converter (on the primary side of the transformer) and a line-frequency-switched 

ac–ac converter (on the secondary side of 
the transformer) followed by output low-pass filter. The multilevel 

arrangement of the HF converter switches reduces the 
voltage stress and the cost of the HF semiconductor switches. 
The ac–ac converter has two bidirectional switch pairs Q1 and 
Q2, and Q3 and Q4 for a single-phase output. To achieve a 
60-Hz sine-wave ac at the output, a sine-wave modulation is 
performed either on the HF dc–ac converter or on the ac–ac 
converter. Therefore, two different modulation strategies are 
possible for the dc–ac converter. Both schemes result in the 
soft switching of the HF converter, while the ac–ac converter 
is hard-switched. 

In the first modulation scheme, the ac–ac converter switches 
follow SPWM, while the HF converter switches are switched 
at fixed 50% duty ratio. The HF converter switches in this 
scheme undergo zero-voltage turn-on. In the second modulation 

scheme, the switches of the multilevel HF converter 
follow SPWM, and the ac–ac converter switches are switched 
based on the power-flow information. Unlike the first modulation 

scheme, which modulates the ac–ac converter switches at 
HF, in the second modulation scheme, ac–ac converter operates 

at line frequency. The switches are commutated at HF 
only when the polarities of output current and voltage are different. 

Usually this duration is very small, and therefore the 
switching loss of the ac–ac converter is considerably reduced 

compared with the conventional control method. Therefore, 
the heat-sinking requirement of the ac–ac converter switches is 
significantly reduced. The HF converter switches in this scheme 
undergo zero-current turn-off. Control signals for the second 
modulation scheme are shown in Fig. 29.11. 

29.4 Universal Power Conditioner [1] 

This approach achieves a direct power conversion and does not 
use any front-end dc–dc converter. As shown in Fig. 29.12, this 
approach has a HF dc–ac converter followed by a HF transformer 

and a forced ac–ac converter. Switches (Q1–Q4) on 
the primary side of the HF transformer are sine-wave modulated 

to create a HF three-level bipolar ac voltage. The three-level 
ac at the output of the HF transformer is converted to 

60/50-Hz line-frequency ac by the ac–ac converter and the output 
LC filter. For an input of 30 V, the transformation ratio 

of the HF transformer is calculated to be N = 13. Fabrication 
of a 1:13 transformer is relatively difficult. Furthermore, 

high turns-ratio yields enhanced secondary leakage inductance 
and secondary winding resistance, which result in measurable 
loss of duty cycle and secondary copper losses, respectively. 
Higher leakage also leads to higher voltage spike, which added 
to the high nominal voltage of the secondary necessitate the 
use of high-voltage power devices. Such devices have higher 
on-resistance and slower switching speeds. Therefore, a combination 

of two transformers and two ac–ac converters on 
the secondary side of the HF transformer is identified to be 
an optimum solution. For an input voltage in the range of 
30–42 V, we use N = 6.5, while for an input voltage of more 
than 42 V, we use N = 4.3. To change the transformation ratio 
of the HF transformer, we use a single-pole double-throw 
(SPDT) relay, as shown in Fig. 29.12a,b. Such an arrangement 
not only improves the efficiency of the transformer but also 
significantly improves the utilization of the ac–ac converter 
switches for operation at 120/240 V ac and 60/50 Hz. For 120-V 
ac output, the two ac–ac-converter filter capacitors are paralleled 

(as shown in Fig. 29.12a), while for 240-V ac output, 
the voltage of the filter capacitor are connected in opposition 
(as shown in Fig. 29.12b). Finally, Fig. 29.13 shows the closed-loop 

control mechanism of the inverter for grid-parallel and 
grid-connected modes. It is described in detail in [1] and not 
repeated here. 

29.4.1 Operating Modes 
In this section, we discuss the modes of operation of the 
inverter in Fig. 29.12 for 120-V and 240-V ac output and for 
an input voltage in the range of 42–60 V (i.e., N = 4.3). The 
modes of operation less than 42 V (i.e., N = 6.5) remain the 
same. Figures 29.14 and 29.15 show the waveforms of the five 
operating modes of the phase-shifted HF inverter and a positive 

primary and a positive filter-inductor current. Modes 2 and 
4 show the zero-voltage switching (ZVS) turn-on mechanism



Rashid Ch29-9780123820365 2010/10/5 1:57 Page 12 #12

12 S.K. Mazumder

(a)

Q1
Q2
Q4
Q3

Modulating signal for the HF inverter

Inverter output voltage

Inverter output current

Q1
Q2
Q4
Q3

S1
S4
S2
S3

Vpri

Ipri

(b)

V0Gc= Kp+ Ki /s

UC3895

S1 S2 S3 S4 Q1 Q2 Q3 Q4

1

1

Vref

ZCD

ZCD

Logic Operator

i0J

K
Clk

q

q
pC

pV

q

q

pC

pV

Q1

Q4

Q3

Q2

Logic operator

(c)

+−

FIGURE 29.11 (a) and (b) Schematic waveforms [3] for the HF dc–ac converter on the primary side of the transformer and the ac–ac converter on
the secondary side of the transformer. (c) Overall control scheme for the two-stage HF inverter.

for switches Q3 and Q4, respectively. Unlike conventional con-
trol scheme for ac–ac converter [12], which modulates the
switches at HF, the outlined ac–ac converter operates at line
frequency. The switches are commutated at HF only when the
polarities of the output current and voltage are different [12].
For unity-power-factor operation, this duration is negligibly
small, and therefore, the switching loss of the ac–ac converter is
considerably reduced compared with the conventional control
method [13].

Five modes of the inverter operation are discussed for pos-
itive primary current. A set of five modes exists for a negative
primary current as well. A similar set of five modes of opera-
tion for the 240 V ac exists for input voltage of more than 42 V
(N = 4.5). Again, the mode of operation for input voltage of
less than 42 V (N = 6.5) remains the same.

Mode 1 (Fig. 29.14a): During this mode, switches Q1 and
Q2 of the HF inverter are ON, and the transformer

FIGURE 29.11 — (a) and (b) Schematic waveforms [3] for the HF dc–ac converter on the primary side of the transformer and the ac–ac converter on 
the secondary side of the transformer. (c) Overall control scheme for the two-stage HF inverter. Diagram class: Multi-panel figure comprising two waveform timing 

diagrams (panels a and b) and one control block diagram (panel c). Panel (c) shows a cascaded/nested-loop control structure for a two-stage high-frequency (HF) inverter, consisting 
of a UC3895-based PWM controller feeding a Logic Operator block, a voltage-error compensator Gc = Kp + Ki/s, zero-current detectors (ZCD), and a second Logic Operator whose 
outputs drive switches Q1–Q4. The reference voltage Vref is compared with the output voltage V0 at a summing junction; the error passes through the compensator, whose output 
together with current-polarity signals pC and pV from the ZCDs, and the UC3895 clock pulse q, conditions the Logic Operator to produce gate signals for Q1–Q4. Full block and signal 
listings in the tables that follow. FIGURE 29.11 — Blocks and nodes: panel (c) overall control scheme (cascaded/nested-loop control, two-stage HF inverter) Block / Node Type Label 
as printed Inputs Outputs UC3895 PWM controller IC / clock source UC3895 External timing components (Clk); J, K flip-flop inputs q (clock / gate pulse), q (complementary clock 
pulse); gate drive signals S1, S2, S3, S4 Clk Timing capacitor (internal node of UC3895) Clk Oscillator network Clock signal to J-K flip-flop J-K flip-flop Sequential logic block (inside 
UC3895) J … K (with outputs q, q) 

J, 

K, 
Clk q, q Logic Operator (primary) Logic / gating block Logic Operator q (from UC3895); pC, pV (from ZCDs); I0 (output current sense) Gate signals to S1–S4 (ac–ac converter 

switches); pC, pV to ZCD and second Logic Operator ZCD (1) Zero-current detector ZCD pC from Logic Operator (primary) Zero-crossing / polarity signal to second Logic Operator ZCD (2) Zero-current detector ZCD pV from Logic Operator (primary) 
Zero-crossing / polarity signal to second Logic Operator Summing junction Summing junction / comparator + (circle with + and implicit −) Vref (+); V0 (−, feedback) Voltage error signal e = Vref − V0 Gc Voltage compensator / PI controller Gc = Kp + Ki/s Error 
signal e from summing junction Compensated control signal to Logic Operator (primary) Logic Operator (secondary) Logic / gating block Logic operator 

Q1, Q2, Q3, Q4 signals from primary 

Logic Operator; 

pV, 
pC from ZCDs 

q (to 

Q

1), 

q (to 

Q2), pV (to Q3~unreadable routing), pC (to Q4~unreadable routing) Vref Reference input node Vref 
External reference voltage source + input to summing junction V0 Output voltage measurement / feedback node V0 Inverter output − input to summing junction (feedback path) I0 Output current measurement node I0 Inverter output current sensor Input to 
Logic Operator (primary) Q1–Q4 (HF inverter switches) Power switching devices Q1, 

Q

2, 

Q 3, Q4 Gate signals from secondary Logic Operator HF inverter output (V0, I0) S1–S4 (ac–ac 
converter switches) Power switching devices 

S1, S2, S3, S4 Gate signals from UC3895 / Logic Operator (primary) ac–ac converter output FIGURE 29.11 — Signal paths: panel (c) overall control scheme 
(cascaded/nested-loop control, two-stage HF inverter) From To Signal Sign at junction Path role Vref Summing junction Vref + Reference V0 (output voltage sensor) Summing junction V0 − (implicit; feedback subtraction) Feedback 
Summing junction 

Gc = Kp + Ki /s e (voltage error) N/A Forward Gc = Kp + Ki/s Logic Operator (primary) Compensated control signal N/A Forward 
UC3895 (J-K flip-flop) Logic Operator (primary) q N/A Forward UC3895 (J-K flip-flop) Logic Operator (primary) q N/A Forward I0 (output current sensor) Logic Operator (primary) I0 N/A 
Feedback Logic Operator (primary) ZCD (1) pC N/A Forward Logic Operator (primary) ZCD (2) pV N/A Forward ZCD (1) Logic Operator (secondary) pC (zero-current / polarity) N/A Forward 
ZCD (2) Logic Operator (secondary) pV (zero-current / polarity) N/A Forward Logic Operator (primary) Logic Operator (secondary) 

Q

1, 

Q2, 

Q3, Q4 intermediate signals N/A Forward 

Logic Operator (secondary) Q1 (HF inverter switch) q (gate drive) N/A 
Forward Logic Operator (secondary) Q2 (HF inverter switch) q (gate drive) N/A Forward Logic Operator (secondary) 

Q3 (HF inverter switch) pV (gate drive) N/A Forward Logic Operator (secondary) Q4 (HF inverter switch) pC (gate drive) N/A Forward Logic Operator (primary) S1–S4 
(ac–ac converter switches) Gate drive signals N/A Forward Q1

–Q4 and 

S

1

–S4 (power stage) 

V0 measurement node V0 (inverter output voltage) N/A Feedback (outer voltage loop) 

Q1

–Q

4 and S1–S4 (power stage) I0 measurement node I0 (inverter output current) N/A Feedback (inner 
current/polarity loop) 

Modulating signal for 

2 
3 

UC3895 

(c) 

Notation: q and q denote complementary clock/gate outputs of the UC3895 J-K flip-flop. p

C and 
pV denote current-polarity and voltage-polarity signals 

respectively, generated by the zero-current detectors (ZCD). Gc = Kp + Ki/s is a proportional-integral (PI) voltage compensator in the Laplace domain. 

Vref is the sinusoidal output-voltage reference. V0 is the measured 

inverter output voltage. 

I0 is the measured 

inverter output current. 

S1
–S4 are switches of the ac–ac converter stage; 

Q

1

–Q4 are switches of 

the HF dc–ac inverter stage. Panels (a) and (b) show schematic timing waveforms for the switch gate 
signals and the resulting primary-side voltage 

(Vpri) and current 

(Ipri) of the transformer; these are waveform diagrams, not control block diagrams, and are described by the figure caption above. Source: 

Rashid, Ch29-9780123820365, 

p. 

12. Author: S.K. Mazumder. Reference [3] cited 
for waveforms. 

(a) 

Q1 

(b) 

ZCD 

ZCD 

for switches Q3 and Q4, respectively. Unlike conventional control 
scheme for ac–ac converter [12], which modulates the 

switches at HF, the outlined ac–ac converter operates at line 
frequency. The switches are commutated at HF only when the 
polarities of the output current and voltage are different [12]. 
For unity-power-factor operation, this duration is negligibly 
small, and therefore, the switching loss of the ac–ac converter is 
considerably reduced compared with the conventional control 
method [13]. 

Five modes of the inverter operation are discussed for positive 
primary current. A set of five modes exists for a negative 

primary current as well. A similar set of five modes of operation 
for the 240 V ac exists for input voltage of more than 42 V (

N = 4.5). Again, the mode of operation for input voltage of 
less than 42 V (N = 6.5) remains the same. 

Mode 1 (Fig. 29.14a): During this mode, switches Q1 and 
Q2 of the HF inverter are ON, and the transformer



Rashid Ch29-9780123820365 2010/10/5 1:57 Page 13 #13

29 High-Frequency Inverters 13

Q1 Q3
1:N

S1

S1’

S3

S3’

S4

S4’

S2

S2’

Q4 Q2

Lf1

Lf2

Cf1

Cf2

C1

Vdc

1:N S5

S5’

S7

S7’

S8

S8’

S6

S6’

Lo
ad

Dc–ac converter Ac–ac converter Filter

(a)

Q1 Q3 1:N

S1

S1’

S3

S3’

S4

S4’

S2

S2’

Q4 Q2

Lf1

Lf2

Cf1

Cf2

C1
Vdc

1:N S5

S5’

S7

S7’

S8

S8’

S6

S6’

Lo
ad

Dc–ac converter Ac–ac converter

(b)

Filter

FIGURE 29.12 Circuit diagrams [1] of the proposed fuel-cell inverter for (a) 120 V/60 Hz ac outputs and (b) 240 V/50 Hz ac outputs. A single-pole-
double-throw (SPDT) switch enables adaptive tapping of the transformer.

primary current Ip1 and Ip2 is positive. The load cur-
rent splits equally between the two cycloconverter
modules. For the top cycloconverter module, the
load current Iout/2 is positive and flows through the
switches pair S1 and S1’, the output filter Lf 1 and Cf 1,
switches S2 and S2’, and the transformer secondary.
Similarly, for the bottom cycloconverter module, the
load current 0.5 × Iout is positive and flows through
the switches pair S5 and S5’, the output filter Lf2

and Cf2, switches S6 and S6’, and the transformer
secondary.

Mode 2 (Fig. 29.14b): At the beginning of this interval, the
gate voltage of the switch Q1 undergoes a high-to-low
transition. As a result, the output capacitance of Q1

begins to accumulate charge and, at the same time, the
output capacitance of switch Q4 begins to discharge.
Once the voltage across Q4 goes to zero, it is can be
turned on under ZVS. The transformer primary cur-
rents Ip1 and Ip2 and the load current Iout continue
to flow in the same direction. This mode ends when
the switch Q1 is completely turned OFF and its output
capacitance is charged to VDC.

FIGURE 29.12 — Circuit schematic (two-panel: (a) and (b)). Circuit diagrams [1] of the proposed fuel-cell inverter for (a) 120 V/60 Hz ac outputs and (b) 240 V/50 Hz ac outputs. A single-pole-double-throw 
(SPDT) switch enables adaptive tapping of the transformer. Component details in the table below.Each panel is a three-stage schematic read 

left-to-right: Dc–ac converter → Ac–ac converter → Filter and Load.Panel (a) — 120 V / 60 Hz output1. Dc–ac converter (left block): A dc voltage source Vdc (with its negative 
terminal grounded) feeds a full-bridge inverter. The upper rail carries switches Q1 (left) and Q3 (right), each shown as a MOSFET symbol with an anti-parallel diode. The lower rail 
carries 

Q4 (left) and Q2 (right) in the same orientation. A bus capacitor 

C

1 is connected in parallel with Vdc between the positive and negative rails. The bridge mid-points drive the primary windings of two centre-tapped transformers.2. 
High-frequency transformers (centre): Two transformers, each with a turns ratio of 1:N, are stacked vertically. The top transformer serves the upper cycloconverter module; the bottom transformer serves the lower cycloconverter module. Each transformer 
symbol shows dot-convention polarity marks on both primary and secondary windings. The SPDT adaptive tap is realised by connecting the dc–ac converter output to different primary tap points in panel (b) compared with panel (a).3. Ac–ac converter 
(centre-right block): Two cycloconverter modules, one per transformer secondary.• Top module (four bidirectional switch pairs arranged in two rows):• Row 1: S1 (left) and S3 (right) — upper pair• Row 2: 

S1′ (left) and 

S3′ (right) — complementary pair• Row 

3: 

S4 (left) and 

S2 (right)• Row 4: 

S4′ (left) and 

S2′ (right)Each switch symbol is a MOSFET with anti-parallel diode. Within each row the two switches share a 
common source/drain node connected to the transformer secondary terminal on the left and to the filter input node on the right.• Bottom module (four bidirectional switch pairs):• Row 1: 

S5 (left) and 

S7 (right)• Row 

2: 

S5′ (left) and 

S7′ (right)• Row 3: 

S8 (left) and 

S6 (right)• Row 4: S8′ (left) and 

S6′ (right)4. Output filter (right block): Two independent LC low-pass filters feed the single Load block in 
parallel.• Phase 1 (top path): Series inductor Lf1 followed by shunt capacitor Cf1 to the lower rail; output terminals connect to the top and bottom of the Load.• Phase 2 (bottom path): Series inductor Lf2 followed by shunt capacitor Cf2 to the lower rail; output 
terminals also connect to the Load.Panel (b) — 240 V / 50 Hz outputPanel (b) is topologically identical to panel (a) — the same Vdc source, C

1, 
Q1

–Q4 full bridge, two 1:N transformers, the same eight 
bidirectional switch pairs (S1–S8 and S1′–S8′), and the same 

Lf1, 

Cf1, 

L

f2, 

Cf2 filter into the Load. The only structural difference is the transformer primary tap point selected by the SPDT adaptive-tapping 
switch: in panel (b) the tap is set to produce a higher output voltage (240 V) at the lower ac frequency (50 Hz).

Load 

2 

Figure 29.12 — Labeled components in both panels (a) and (b); units as stated per 
componentDesignatorComponent TypeValue / RatingLocation / StageKey Connections

VdcDC voltage sourceunreadable

Dc–ac converter, inputPositive terminal to upper rail; negative terminal to lower rail / ground

C1Bus capacitorunreadable

Dc–ac converter, inputIn parallel with 

Vdc across upper and lower rails

Q1MOSFET + anti-parallel diodeunreadableDc–ac converter, upper-left
Drain to positive rail; source to left bridge mid-pointQ3MOSFET + anti-parallel diodeunreadableDc–ac converter, upper-rightDrain to positive rail; source to right bridge mid-point

Q4MOSFET + anti-parallel diodeunreadableDc–ac converter, lower-leftDrain to left bridge mid-point; source to negative rail

Q2MOSFET + anti-parallel diodeunreadableDc–ac converter, lower-rightDrain to right bridge mid-point; source to negative railT1 (top, ~unnamed)
High-frequency transformerTurns ratio 1:NBetween dc–ac and ac–ac stages, topPrimary fed by 

Q1 /Q3 bridge; secondary feeds top cycloconverter moduleT2 (bottom, ~unnamed)High-frequency transformerTurns ratio 1:NBetween dc–ac and ac–ac stages, 
bottomPrimary fed by 

Q1 /Q3 bridge (alternate tap in panel b); secondary feeds bottom cycloconverter module

S1, 

S1′Bidirectional switch pair (MOSFET + diode)unreadableAc–ac converter, top module, row 1–2 leftConnected 
between top transformer secondary terminal and output phase-1 node

S3, 

S3′Bidirectional switch pairunreadableAc–ac converter, top module, row 1–2 rightConnected between top 
transformer secondary terminal and output phase-1 node

S4, 

S4′Bidirectional switch pairunreadableAc–ac converter, top module, row 3–4 leftConnected between top transformer 
secondary and lower output rail

S

2, 

S

2′Bidirectional switch pairunreadableAc–ac converter, top module, row 3–4 rightConnected between top 
transformer secondary and lower output rail

S5, 

S5′Bidirectional switch pairunreadableAc–ac converter, bottom module, row 1–2 leftConnected between bottom 
transformer secondary terminal and output phase-2 node

S7, 

S7′Bidirectional switch pairunreadableAc–ac converter, bottom module, row 1–2 rightConnected between 
bottom transformer secondary terminal and output phase-2 node

S8, 

S8′Bidirectional switch pairunreadable

Ac–ac converter, bottom module, row 3–4 leftConnected between bottom transformer 
secondary and lower output rail

S6, 

S6′Bidirectional switch pairunreadable

Ac–ac converter, bottom module, row 3–4 rightConnected between bottom transformer 
secondary and lower output railLf1Filter inductorunreadableOutput filter, phase 1, seriesInput from top cycloconverter output node; output to Cf1 junction and Load phase-1 terminalCf1Filter 
capacitorunreadableOutput filter, phase 1, shuntConnected between Lf1 output node and lower rail

Lf2Filter inductorunreadableOutput filter, phase 2, seriesInput from bottom 
cycloconverter output node; output to 

Cf2 junction and Load phase-2 terminalCf2Filter capacitorunreadableOutput filter, 
phase 2, shuntConnected between 

Lf2 output node and lower railLoadLoad (generic)unreadableOutput stage, far right
Connected across the outputs of both filter branchesAll component values/ratings are unreadable in the source image. Turns ratio N is a design parameter not given numerically. Switch primes (′) denote complementary devices in each bidirectional pair.

1:N 

1 

Q 

C 

1:N S 5 

Filter 

(a) 

1:N 

S 

1:N Load 

(b) 

Filter 

Source: 

Rashid, Ch29-9780123820365, p. 13, 

Figure 29.12. Reference 

[1] cited in caption.

primary current Ip1 and Ip2 is positive. The load current 
splits equally between the two cycloconverter 

modules. For the top cycloconverter module, the 
load current Iout/2 is positive and flows through the 
switches pair S1 and S1′, the output filter L

f1 

and C

f1, 

switches S2 and S2′, and the transformer secondary. 
Similarly, for the bottom cycloconverter module, the 
load current 0.5 × Iout is positive and flows through 
the switches pair S5 and S5′, the output filter Lf2 
and Cf2, switches S6 and S6′, and the transformer 
secondary.

f f 1 

Mode 2 (Fig. 29.14b): At the beginning of this interval, the 
gate voltage of the switch Q1 undergoes a high-to-low 
transition. As a result, the output capacitance of Q1 
begins to accumulate charge and, at the same time, the 
output capacitance of switch Q4 begins to discharge. 
Once the voltage across Q4 goes to zero, it is can be 
turned on under ZVS. The transformer primary currents 

Ip1 and Ip2 and the load current Iout continue 
to flow in the same direction. This mode ends when 
the switch Q1 is completely turned OFF and its output 
capacitance is charged to VDC.

Q 

Q 4 
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FIGURE 29.13 (a) and (b) Schematics for converter operation [1], respectively, at 120 V ac and 60 Hz and 240 V ac and 50 Hz. (c) and (d) Control
schemes of the inverter in grid-parallel and grid-connected modes.

Mode 3 (Fig. 29.14c): This mode initiates when Q1 turns OFF.
The transformer primary currents Ip1 and Ip2 are still
positive, and free wheels through Q4 as shown in
Fig. 29.14c. Also the load current continues to flow in
the same direction as in Mode 2. Mode 3 ends at the
commencement of turn off Q2.

Mode 4 (Fig. 29.14d): At the beginning of this interval, the
gate voltage of Q2 undergoes a high-to-low transition.
As a result, the output capacitance of Q2 begins to
accumulate charge and, at the same time, the output

capacitance of switch Q3 begins to discharge as shown
in the Fig. 29.14d. The charging current of Q2 and the
discharging current of Q3 together add up to the pri-
mary currents Ip1 and Ip2. The transformer current
makes a transition from positive to negative. Once the
voltage across Q3 goes to zero, it is turned ON under
ZVS. The load current flows in the same direction as
in Mode 3 but makes a rapid transition from the bidi-
rectional switches S1 and S1’ and S2 and S2’ to S3 and
S3’ and S4 and S4’, and during this process Iout/2 splits

S.K. MazumderFIGURE 29.13 (a) and (b): Schematics for converter operation, respectively, at 120 V ac 
and 60 Hz and 240 V ac and 50 Hz. (c) and (d) Control schemes of the inverter in grid-parallel and grid-connected modes.Diagram class: Cascaded/nested feedback control loop for a 
power-converter (HF inverter / cycloconverter) system, shown in two variants — (a) for 120 V ac / 60 Hz operation and (b) for 240 V ac / 50 Hz operation.Control flow summary (diagram a): The 
reference signal Vref is compared at a summing junction with a filtered, digitised feedback voltage; the error passes through the Compensator 

(Gc = Kp + Ki/s) implemented in the DSP; the compensator output drives the UC3895 Phase-shift controller (via DAC), which commands the 
HF inverter switches; simultaneously the Cycloconverter switches are commanded through Logical operations; output voltages VFC and VCf are sensed by Voltage sensor gain blocks, digitised by ADC, filtered, and fed back to the summing junction; an 
Adaptive Kp selector adjusts the proportional gain based on Zero-crossing detection. Diagram (b) adds a current sensor path (iLF via Current sensor gain) and a power-calculation multiplier block (×) providing Po, with a second Filter/ADC chain feeding an 
additional summing junction. Full block and signal listings in the tables that follow.FIGURE 29.13 (a) — Block listing; cascaded feedback control, 120 V ac / 60 Hz variantBlock / NodeTypeLabel as printedInputsOutputsB-a1Summing junction+ (summing 
junction)Vref (+), filtered/digitised feedback voltage (−)Error signal to CompensatorB-a2Reference sourceVref—Summing junction B-a1 (+)B-a3Controller / Compensator (DSP)Compensator Gc = Kp + Ki/sError from B-a1; adaptive Kp from Adaptive Kp 
selectorUC3895 Phase-shift controller (via internal DSP path)B-a4DSP subsystem boundaryDSPContains B-a1, B-a3, Zero-crossing detectionDACB-a5Digital-to-Analogue ConverterDACDSP outputUC3895 Phase-shift controllerB-a6PWM / phase-shift 
controller ICUC3895 Phase-shift controllerDAC outputHF inverter switchesB-a7Power switching stageHF inverter switchesUC3895 Phase-shift controllerLogical operationsB-a8Power switching stageCycloconverter switchesLogical operationsPlant output 

(On PCB)B-a9Logic / gate-drive blockLogical operationsHF inverter 
switches; Cycloconverter switches (bidirectional coordination)Cycloconverter switches; Zero-crossing detectionB-a10Sensor / gain blockVoltage sensor gain (VFC)VFC (On PCB)Adaptive Kp 
selectorB-a11Sensor / gain blockVoltage sensor gain (VCf)VCf (On PCB)Adaptive Kp selectorB-a12Adaptive gain selectorAdaptive Kp selectorVoltage sensor gain (VFC); Voltage sensor gain 
(VCf)Filter; Compensator (Kp adjustment)B-a13Analogue 

filter

FilterAdaptive Kp selector outputADCB-a14Analogue-to-Digital 
ConverterADCFilter outputSumming junction B-a1 (feedback, −)B-a15Zero-crossing detectorZero-crossing detectionLogical operations signalCompensator (timing / 
synchronisation)B-a16PCB boundary / plant outputsOn PCBCycloconverter switches outputVFC node; VCf nodeFIGURE 29.13 (a) — Signal listing; cascaded feedback 
control, 120 V ac / 60 Hz variantFromToSignalSign at junctionPath roleB-a2 (Vref)B-a1 (summing junction)Vref+ReferenceB-a14 (ADC)B-a1 (summing junction)Digitised 
filtered output voltage−FeedbackB-a1 (summing junction)B-a3 (Compensator)Error signal—ForwardB-a3 (Compensator / DSP)B-a5 (DAC)Compensated control signal—
ForwardB-a5 (DAC)B-a6 (UC3895)Analogue control signal—ForwardB-a6 (UC3895)B-a7 (HF inverter switches)Phase-shift PWM gate signals—ForwardB-a7 (HF inverter 
switches)B-a9 (Logical operations)HF switching signals—ForwardB-a9 (Logical operations)B-a8 (Cycloconverter switches)Cycloconverter gate signals—ForwardB-a8 
(Cycloconverter switches)B-a16 (On PCB / plant)Converter output—ForwardB-a16 (On PCB)B-a10 (Voltage sensor gain, VFC)VFC—FeedbackB-a16 (On PCB)B-a11 
(Voltage sensor gain, VCf)VCf—FeedbackB-a10 (Voltage sensor gain, VFC)B-a12 (Adaptive Kp selector)Scaled VFC—FeedbackB-a11 (Voltage sensor gain, VCf)B-a12 
(Adaptive Kp selector)Scaled VCf—FeedbackB-a12 (Adaptive Kp selector)B-a13 (Filter)Selected voltage signal—FeedbackB-a12 (Adaptive Kp selector)B-a3 
(Compensator)Adaptive Kp value—Feedforward (gain scheduling)B-a13 (Filter)B-a14 (ADC)Filtered voltage signal—FeedbackB-a9 (Logical operations)B-a15 
(Zero-crossing detection)Switching signal for zero-crossing—FeedbackB-a15 (Zero-crossing detection)B-a3 (Compensator)Zero-crossing timing signal—Feedforward 
(synchronisation)FIGURE 29.13 (b) — Block listing; cascaded feedback control, 240 V ac / 50 Hz variantBlock / NodeTypeLabel as printedInputsOutputsB-b1Summing 
junction+ (summing junction)Reference or filtered signal (+), feedback voltage (−~)Error to CompensatorB-b2Controller / Compensator (DSP)Compensator Gc = Kp + Ki/s
Error from B-b1; adaptive Kp from Adaptive Kp selectorDACB-b3DSP subsystem boundaryDSP (implied by same topology)Contains B-b1, B-b2, Zero-crossing detection
DACB-b4Digital-to-Analogue ConverterDACCompensator outputUC3895 Phase-shift controllerB-b5PWM / phase-shift controller IC

UC3895 
Phase-shift 
controller

DAC output

HF inverter switchesB-b6Power switching stage

HF inverter switchesUC3895 Phase-shift controllerLogical operationsB-b7Power switching stageCycloconverter switches

Logical 
operationsPlant outputs (yFC, Vgrid, iLF)B-b8Logic / gate-drive block

Logical 
operationsHF inverter switches; 

Cycloconverter 
switches

Cycloconverter 
switches; 

Zero-crossing 
detectionB-b9

Sensor / 
gain block

Voltage 
sensor 
gain (yFC)yFC

Adaptive Kp 
selectorB-b10Sensor / gain block

Voltage 
sensor 
gain (Vgrid)Vgrid

Adaptive Kp 
selectorB-b11

Sensor / 
gain blockCurrent 

sensor 
gain (iLF)iLFADC (upper path)B-b12Adaptive gain selector

Adaptive Kp selectorVoltage sensor gain (yFC); Voltage sensor gain (Vgrid)Filter (lower path); Compensator (Kp adjustment)B-b13Zero-crossing detectorZero-crossing 
detectionLogical operations signalCompensator (synchronisation)B-b14Analogue-to-Digital ConverterADC (upper, current path)Current sensor gain (iLF)Multiplier (×)
B-b15Multiplier / power calculator× (Po)ADC upper (current); Filter upper (voltage)Po node / summing junction B-b1B-b16Analogue filter (upper voltage path)Filter (upper)
Adaptive Kp selector / voltage sensor outputMultiplier (×); ADC lowerB-b17Analogue filter (lower path)Filter (lower)Summing junction B-b1 output ~ADC lowerB-b18
Analogue-to-Digital Converter (lower)ADC (lower)Filter lower outputSumming junction B-b1 (feedback)

DAC 

ADC 

Voltage 

FIGURE 29.13 (b) — Signal listing; cascaded feedback control, 240 
V ac / 50 Hz variantFromToSignalSign at junctionPath role~Reference sourceB-b1 (summing junction)~Reference voltage+ReferenceB-b18 (ADC lower)B-b1 (summing 
junction)Digitised filtered feedback−~FeedbackB-b15 (× multiplier, Po)B-b1 (summing junction)Po (calculated output power)+~Feedback / feedforwardB-b1 (summing 
junction)B-b2 (Compensator)Error signal—ForwardB-b2 (Compensator)B-b4 (DAC)Compensated digital control signal—ForwardB-b4 (DAC)B-b5 (UC3895)Analogue 
control signal—ForwardB-b5 (UC3895)B-b6 (HF inverter switches)Phase-shift PWM gate signals—ForwardB-b6 (HF inverter switches)B-b8 (Logical operations)HF 
switching signals—ForwardB-b8 (Logical operations)B-b7 (Cycloconverter switches)Cycloconverter gate signals—ForwardB-b7 (Cycloconverter switches)B-b9 (Voltage 
sensor gain, yFC)yFC—FeedbackB-b7 (Cycloconverter switches)B-b10 (Voltage sensor gain, Vgrid)Vgrid—FeedbackB-b7 (Cycloconverter switches)B-b11 (Current 
sensor gain, iLF)iLF—FeedbackB-b9 (Voltage sensor gain, yFC)B-b12 (Adaptive Kp selector)Scaled yFC—FeedbackB-b10 (Voltage sensor gain, Vgrid)B-b12 (Adaptive K
p selector)Scaled Vgrid—FeedbackB-b12 (Adaptive Kp selector)B-b16 (Filter upper)Selected voltage signal—FeedbackB-b12 (Adaptive Kp selector)B-b2 (Compensator)
Adaptive Kp value—Feedforward (gain scheduling)B-b11 (Current sensor gain)B-b14 (ADC upper)Scaled iLF—FeedbackB-b14 (ADC upper)B-b15 (× multiplier)Digitised i
LF—FeedbackB-b16 (Filter upper)B-b15 (× multiplier)Filtered voltage—FeedbackB-b15 (× multiplier)B-b1 (summing junction)Po+~FeedbackB-b16 (Filter upper)B-b17 
(Filter lower)Filtered voltage (routed onward)—FeedbackB-b17 (Filter lower)B-b18 (ADC lower)Doubly filtered voltage—FeedbackB-b18 (ADC lower)B-b1 (summing 
junction)Digitised feedback voltage−~FeedbackB-b8 (Logical operations)B-b13 (Zero-crossing detection)Switching signal—FeedbackB-b13 

(Zero-crossing 
detection)B-b2 

(Compensator)Zero-crossing timing signal—Feedforward (synchronisation)Source: 

S.K. Mazumder, in Rashid (Ed.), 
Power Electronics Handbook, 3rd edition, Ch. 29, p. 14. ISBN 978-0-12-382036-5. 

Figure 29.13 caption: "(a) and (b) Schematics for converter operation [1], respectively, at 120 V ac and 60 Hz and 240 V ac and 50 Hz. (c) and (d) Control 
schemes of the inverter in grid-parallel and grid-connected modes." Note: diagrams (c) and (d) are not visible on this page.Notation used in diagrams:

Gc = Kp + Ki /s PI 

compensator transfer function; 

Kp is proportional gain (adaptively selected), Ki is integral gain, s is the Laplace variable.

VFC Fuel-cell (or front-end converter) output voltage (diagram a).

yFC Fuel-cell / front-end converter output variable (diagram b).

VCf Filter-capacitor voltage (diagram a).

Vgrid Grid 

voltage (diagram b).

iLF Filter-inductor 

current (diagram b).

Po Calculated output power, formed by multiplying digitised voltage and current signals (diagram b).

Vref Voltage reference set-point (diagram a).

UC3895 
Phase-shift PWM 
controller integrated circuit.

(a) 

(b) 

Filter ADC 

ADC 

/s 

DSP 

Mode 3 (Fig. 29.14c) This mode initiates when Q1 turns OFF. 
The transformer primary currents Ip1 and Ip2 are still 
positive, and free wheels through Q4 as shown in 
Fig. 29.14c. Also the load current continues to flow in 
the same direction as in Mode 2. Mode 3 ends at the 
commencement of turn off Q2.

Mode 4 (Fig. 29.14d) At the beginning of this interval, the 
gate voltage of Q2 undergoes a high-to-low transition. 
As a result, the output capacitance of Q2 begins to 
accumulate charge and, at the same time, the output 

capacitance of switch Q3 begins to discharge as shown 
in the Fig. 29.14d. The charging current of Q2 and the 
discharging current of Q3 together add up to the primary 

currents Ip1 and Ip2. The transformer current 
makes a transition from positive to negative. Once the 
voltage across Q3 goes to zero, it is turned ON under 
ZVS. The load current flows in the same direction as 
in Mode 3 but makes a rapid transition from the bidirectional 

switches S1 and S1’ and S2 and S2’ to S3 and 
S3’ and S4 and S4’, and during this process Iout/2 splits
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FIGURE 29.14 Modes of operation [1] for 120 V ac for input voltage in the range of 42–60 V (N = 4.3): (a–e) topologies corresponding to the five
operating modes of the overall dc–ac converter for positive primary current and for power flow from the input to the load. (f) Schematic waveforms
show the operating modes of the HF inverter when primary currents are positive. The modes of operation of less than 42 V (i.e., N = 6.5) remain the
same.

29 High-Frequency Inverters FIGURE 29.14 — Multi-panel circuit schematic and waveform diagram. Diagram type: power-electronics 
schematic (dc–ac converter cascaded with ac–ac converter) plus timing/waveform panel. Shows 

modes of operation [1] for 120 V ac for input voltage in the range of 42–60 V (N = 4.3): panels (a)–(e) depict topologies corresponding to the five 
operating modes of the overall dc–ac converter for positive primary current and for power flow from the input to the load; panel (f) shows schematic waveforms illustrating 

the operating modes of the HF inverter when primary currents are positive. The modes of operation of less than 42 V (i.e., N = 6.5) remain the 
same. Component details in the table below. The figure is organized as six panels labeled (a) through (f), arranged in a 2-column, 3-row grid. Common dc–ac 

converter stage (present in all panels (a)–(e)): The left portion of each schematic is labeled "Dc–ac converter." It consists of a full H-bridge inverter. The dc supply voltage 

Vdc is connected across the series combination of capacitor 

C1 and the bridge. The bridge contains four transistors with anti-parallel diodes: 

Q1 (top-left), Q2 (top-right), Q3 (bottom-left, labeled Q3 in some panels), and 

Q4 (bottom-right). The bridge mid-points feed the primary winding of a high-frequency transformer with turns ratio 1:N. The 
primary current flowing into the transformer is labeled ipr1; the primary voltage is vpr1. A second transformer winding also of ratio 1:N carries primary current ipr2. The secondary sides of the two transformer windings feed the ac–ac converter stage. Common ac–ac converter stage (present in all panels (a)–(e)): The right portion of each schematic is labeled "Ac–ac converter." It 
contains two groups of bidirectional switches: • Upper group (fed by the first transformer secondary, carrying current 

isec1): switches 

S1, S

2, 

S3, 

S4 and their primed counterparts 

S1′, 

S

2′, 

S

3′, 

S4′. An output filter consisting of inductor Ln and capacitor 

C1 (or 

C2) is connected on the secondary side. The current labeled 

isec1− flows in this path. • Lower group (fed by the second transformer secondary, carrying current 

isec2): switches 

S

5, 

S

6, 

S 7, 

S8, 

S9 and their primed counterparts 

S5′, 

S6′, 

S7′, 

S

8′, 

S9′. An output filter with inductor Ln and capacitor C2 is connected on this secondary side. The current labeled 

isec2− flows in this path. The ac output terminals are labeled vs (output voltage), 

iout (output current), and the neutral point n. A resistive "Load" block is 
connected between the output terminal and the neutral. Panel 

(a) — 

Mode 1: The dc–ac converter operates with 

Q1 and 

Q2 conducting (top devices on), while 

Q3 and Q4 are off. In the ac–ac converter, the upper group has switches 

S1, S3 conducting and 

S2, 

S4 off; the lower group has S

5, 

S7 conducting. Current paths are shown flowing from the transformer secondary through the conducting switches, through the filter inductors and capacitors, to the load, returning via neutral n. Panel (b) — 

Mode 2: Similar topology to Mode 1 but with a different switch combination in the ac–ac 
converter. The 

dc–ac converter bridge transistor states are shown with 

Q1 and Q2 in a transitional state. In the ac–ac converter the current 

isec1− flows through 

S1′, 

S2′ and 

isec2− flows through 

S

5′, 

S6′. Panel (c) — Mode 3: The 

dc–ac converter bridge has 

Q3 and 

Q4 conducting (bottom devices). In the ac–ac converter, switches 

S4, 

S

2 and 

S8, 

S6 are shown conducting, reversing the direction of current flow through the transformer primaries and secondaries relative to 

Mode 

1. Panel (d) — 

Mode 4: A transitional mode between Mode 3 and Mode 5. The switch states in both the 

dc–ac converter and the ac–ac converter are shown with a mix of devices conducting in a pattern intermediate 
between Modes 3 and 5. Currents 

isec1− and 

isec2− are labeled at the bottom of the ac–ac converter section. Panel (e) — Mode 5: The 

dc–ac converter has 

Q

2

1 and 

Q2 conducting with the complementary pair off. In the ac–ac converter, the switch states complete the cycle: upper group conducts 

S1, 

S3 (and/or their primed counterparts) and lower group conducts 

S5, 

S7 (and/or primed). The label 

isec2− is visible at the bottom of the ac–ac converter. Panel (f) — Schematic waveforms: This panel shows six time-domain waveforms plotted on a common horizontal time axis. From top to bottom: 1. 

Gating 
Pulses: Two rows of square-wave pulses. Top row labeled 

Q1 and Q3; bottom row labeled 

Q2 and Q4. The pulses are approximately 50% duty-cycle and interleaved 

(Q1 /Q3 high when 

Q2/Q4 low, and vice versa). 

2. 

vpr1: Primary voltage waveform. A quasi-square wave that steps between a positive level, zero, and a negative level, transitioning at the mode 
boundaries. 3. ipr1·1: Primary current waveform 1. A trapezoidal/stepped waveform that is positive during Modes 1–3 and transitions through zero near Mode 3/4. 4. 

isec1−: Secondary current of winding 1, negative direction. Shown as a stepped waveform that is non-zero during specific mode intervals. 5. 

isec1+: Secondary current of winding 1, positive direction. Shown as a stepped waveform complementary to 

isec1−. The horizontal axis of panel (f) is annotated with vertical dashed lines dividing it into five intervals labeled (from left to right): 

"Mode 1", 

"Mode 

2 
and 3", "Mode 

3", 

"Mode 

4 
and 

5", 

"Mode 5". These intervals correspond to the topologies shown in panels (a)–(e). 
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FIGURE 29.14 — Labeled components and signals common across panels (a)–(e) Designator Component / Signal Value / Rating Location / Connects 

Vdc DC supply voltage source 42–60 V (range stated in caption) Positive terminal to top of H-bridge; negative terminal to bottom rail of 

dc–ac converter 

C1 DC-link capacitor unreadable Connected across 

Vdc in parallel with the H-bridge 

Q1 Power transistor with anti-parallel diode (H-bridge, top-left) unreadable Drain/collector to positive dc rail; source/emitter to left mid-point node; gate driven by gating-pulse top row 

Q2 Power transistor with anti-parallel diode (H-bridge, top-right) unreadable Drain/collector to positive dc rail; source/emitter to right mid-point node; gate driven by gating-pulse bottom row 

Q3 Power transistor with anti-parallel diode (H-bridge, bottom-left) unreadable Drain/collector to left mid-point node; source/emitter to negative dc rail; gate driven by gating-pulse top row (complementary) 

Q4 Power transistor with anti-parallel diode (H-bridge, bottom-right) unreadable Drain/collector to right mid-point node; source/emitter to negative dc rail; gate driven by gating-pulse bottom row (complementary) 1:N High-frequency transformer (two windings shown, primary winding 1 and primary 
winding 2) N = 4.3 (for 42–60 V input); N = 6.5 (for < 42 V input) Primary connected to H-bridge mid-points; secondary feeds ac–ac converter switch groups ipr1 Primary current, winding 1 — Flows from H-bridge into first transformer primary winding ipr2 Primary current, winding 2 — Flows from H-bridge into second transformer primary winding 

S1–

S4 Bidirectional ac switches, upper group unreadable Connected between first transformer secondary terminals and upper ac output rail; arrangement varies by mode 

S1′–

S4′ Primed (complementary) bidirectional switches, upper group unreadable Parallel/complementary paths to 

S1 –S4 in upper ac–ac converter group 

S5–

S9 Bidirectional ac switches, lower group unreadable Connected between second transformer secondary terminals and lower ac output rail; arrangement varies 
by mode 

S5′–

S9′ Primed (complementary) bidirectional switches, lower group unreadable Parallel/complementary paths to 

S5

–S9 in lower 

ac–ac converter group Ln Output filter inductor (two instances, one per transformer secondary) unreadable Series with 

ac–ac converter output, between switch network and load terminal C2 
Output filter capacitor (ac–ac converter secondary side) unreadable Connected across the output after Ln, between the output terminal and neutral 

n 
vs AC output voltage 120 V ac (stated in caption) Measured between output terminal and neutral 

n 

iout AC output current — Flows from 

ac–ac converter output through the Load to neutral 

n 

n Neutral node — Common return point connecting Load, filter capacitors, and transformer secondary center-taps 

isec1− Secondary current, winding 1, negative-direction component — Exits bottom of upper 

ac–ac converter group; labeled on output bus 

isec2− Secondary current, winding 2, negative-direction component — Exits bottom of lower 

ac–ac converter group; labeled on output bus Load Resistive load block unreadable Connected between vs output terminal and neutral n Voltage in V; current 
designators are signal labels; transformer ratio N is dimensionless. Values marked "unreadable" could not be resolved from the image at available resolution. 
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FIGURE 29.15 Modes of operation [1] for 240 V/50 Hz ac output for an input-voltage range of 42–60 V (corresponding to N = 4.3): (a–e) topologies
corresponding to the five operating modes of the inverter for positive primary and positive filter-inductor currents. (f) Schematic waveforms show the
operating modes of the dc–ac converter when primary currents are positive. The modes of operation of less than 42 V (corresponding to N = 6.5)
remain the same.
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FIGURE 29.15 Modes of operation [1] for 240 V/50 Hz ac output for an input-voltage range of 42–60 V (corresponding to N = 4.3): (a–e) topologies 
corresponding to the five operating modes of the inverter for positive primary and positive filter-inductor currents. (f) Schematic waveforms show the 
operating modes of the dc–ac converter when primary currents are positive. The modes of operation of less than 42 V (corresponding to N = 6.5) 
remain the same.Each of panels (a) through (e) is a two-section schematic divided into a 

Dc–ac converter on the left and an Ac–ac converter on the right, connected by two isolated transformer stages with turns ratio 1:N.

Dc–ac converter section (common to all five panels): A dc supply voltage V_dc is applied across a series capacitor C₁. Four switches Q₁, Q₂, Q₃, Q₄ form a full-bridge inverter. Q₁ and Q₃ occupy the 
upper-left and upper-right positions respectively; Q₄ and Q₂ occupy the lower-left and lower-right positions. Each switch symbol includes an anti-parallel diode. The midpoint of the left leg (junction of Q₁ and Q₄) and the midpoint of the right leg (junction of Q₃ 
and Q₂) feed the primary winding of transformer T1 (turns ratio 1:N, primary current i_pr1, primary voltage v_p1). A second transformer T2 (turns ratio 1:N, primary current i_pr2) is fed from a separate winding or a second bridge arrangement in the lower 
portion of the 

dc–ac converter block; its primary voltage is labeled v_p2 in panels that include this second transformer path.Ac–ac 
converter section (common to all five panels): The secondary side of T1 (secondary current i_sec1) feeds the top half of the ac–ac converter. The secondary side of T2 (secondary current i_sec2, labeled i_sec2− at the lower terminal in several panels) feeds 
the bottom half. Each half consists of a bank of six bidirectional switches labeled S₁ through S (top bank) and S through S / S through S (bottom bank, labeling varies slightly by panel). Each switch cell contains a transistor symbol with anti-parallel 
diode. The ac–ac converter produces two output voltages: v_a (upper output terminal, with output current i_out flowing downward into the load) and v_b (lower output terminal). A Load block is connected between v_a and v_b on the right side of the ac–ac 
converter.Internal nodes in the ac–ac converter are labeled v_s (secondary voltage at the transformer output node), L_n (filter inductor, labeled n in some panels), and L_c2 / L_c1 (additional filter or coupling inductors shown as coil symbols between the 
switch banks and the output nodes).Panel (a) — Mode 1: Both transformer primaries are energized through the full bridge. In the ac–ac converter the top switch bank (S₁–S₄ with S₃, S₄ arrangement) and bottom bank (S–S) are configured for Mode 1 
conduction. Current i_sec1 flows from T1 secondary through the top bank; i_sec2− flows through the bottom bank. The filter inductor L_n on the secondary side of T1 is shown in series before node n.Panel 

(b) — 

Mode 2: Topology is structurally identical to Mode 1. Switch states in the ac–ac converter differ from 

Mode 

1 to implement 

Mode 2 current routing. The second transformer (lower 1:N block, current i_pr2) 
remains present. Labels i_sec1 and i_sec2 are shown on secondary currents.Panel (c) — Mode 3: The dc–ac full bridge Q₁–Q₄ drives T1 (1:N, i_pr1). The lower transformer T2 path (1:N, i_pr2) is also present. The 

ac–ac converter switch configuration reflects 
Mode 3 states. Filter elements L_c2 and L_n appear on respective secondary paths.Panel (d) — Mode 4: Capacitor C on the dc bus is shown as a single element (without the C₁ subscript 

visible in earlier panels, ~C₁). Q₁–Q₄ full bridge drives T1 (1:N, i_pr1). Lower transformer T2 (1:N, i_pr2) is also present. Ac–ac converter switches are in Mode 4 configuration.Panel (e) — Mode 5: Full bridge Q₁–Q₄ with C₁, driving T1 (1:N, i_pr1). Lower 
transformer T2 (1:N, i_pr2) path included. Ac–ac switch states correspond to Mode 5. Secondary current i_sec2− is labeled at the lower output of T2.Panel (f) — Schematic waveforms: A timing diagram showing five signal rows against a common time axis, 
with vertical dashed lines marking mode boundaries.• 

Gating 
pulses row: The upper trace shows sequential pulses labeled Q₁, Q₄, and Q₁; the lower trace shows 

sequential pulses labeled Q₂ and Q₃, interleaved with the upper-trace pulses.• v_pri row: Primary voltage waveform. Shows a positive plateau, a near-zero interval (freewheeling), a negative plateau, and a return; 
consistent with H-bridge PWM output with a zero-voltage interval.• i_pri1 row: Primary current of transformer T1. Ramps up during positive v_pri interval, decreases during zero-voltage interval, goes negative during 
negative v_pri interval; triangular envelope.• i_sec1− row: Secondary current of T1 (negative polarity reference). Stepped/piecewise waveform tracking i_pri1 scaled by turns ratio.• i_sec1+ row: Secondary current of T1 
(positive polarity reference). Complementary stepped waveform to i_sec1−.• Mode annotation row (bottom): Time axis is divided and labeled left to right: Mode 2, 
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Figure 29.15 — Labeled components and signals across panels (a)–(f)Designator / LabelType / DescriptionValue / RatingLocation / ConnectivityV_dcDC supply voltage
42–60 V rangePositive terminal at top of 

dc–ac converter; across C₁ and the full bridgeC₁DC bus capacitorunreadableIn parallel with V_dc and the full bridge Q₁–Q₄Q₁Switch (MOSFET with anti-parallel diode)unreadableUpper-left switch of full 
bridge; drain to V_dc positive, source to upper midpoint nodeQ₂Switch (MOSFET with anti-parallel diode)unreadableLower-right switch of full bridge; drain to lower midpoint node, source to V_dc negativeQ₃Switch (MOSFET with anti-parallel diode)
unreadableUpper-right switch of full bridge; drain to V_dc positive, source to lower midpoint nodeQ₄Switch (MOSFET with anti-parallel diode)unreadableLower-left switch of full bridge; drain to upper midpoint node, source to V_dc negativeT1 (1:N)Isolation 
transformer, primary T1Turns ratio 1:N (N = 4.3 nominal)Primary driven by Q₁/Q₄ and Q₃/Q₂ bridge midpoints; primary current i_pr1, primary voltage v_p1; secondary feeds top 

ac–ac converter bankT2 (1:N)Isolation transformer, second stageTurns ratio 1:NPrimary current i_pr2; secondary feeds bottom ac–ac converter bank; secondary current i_sec2 / i_sec2−i_pr1Primary 
current signal—Flowing through primary of T1i_pr2Primary current signal—Flowing through primary of T2v_p1Primary voltage label—Across primary winding of T1v_p2Primary voltage label—Across primary winding of T2S₁Bidirectional ac switchunreadable
Top bank, position 1; connected between T1 secondary node and ac output node v_aS₂Bidirectional ac switchunreadableTop bank, position 2S₃Bidirectional ac switchunreadableTop bank, position 3S₄Bidirectional ac switchunreadableTop bank, position 4S
Bidirectional ac switchunreadableBottom bank, position 1; connected between T2 secondary node and outputSBidirectional ac switchunreadableBottom bank, position 2SBidirectional ac switchunreadableBottom bank, position 3SBidirectional ac switch
unreadableBottom bank, position 4SBidirectional ac switch (panels c–e only)unreadableBottom bank, position 5 (~additional switch in extended mode configurations)L_n (n)Filter inductorunreadableIn series on secondary side of T1, between transformer 
secondary terminal and node n; appears in all five panelsL_c2Filter/coupling inductorunreadableOn secondary side of T2, between transformer and ac–ac switch bankv_sSecondary voltage node label—At output node of transformer secondary before filter 
inductori_sec1Secondary current of T1—Flowing from T1 secondary into top ac–ac switch banki_sec1−Secondary current T1, negative reference—Waveform panel (f), row 4i_sec1+Secondary current T1, positive reference—Waveform panel (f), row 5
i_sec2−Secondary current of T2, negative reference—Lower terminal of T2 secondary; labeled in panels (a)–(e)v_aOutput voltage, phase a240 V / 50 Hz (nominal output)Upper ac output terminal of 

ac–ac converter; measured with respect to neutralv_bOutput voltage, phase b—Lower ac output terminal of 

ac–ac converteri_outOutput current—Flowing downward from v_a node into the Load blockLoadLoad block—Connected between v_a (top) and v_b (bottom) 
on right side of 

ac–ac converterv_priPrimary voltage waveform (panel f)—Second row of 
timing diagram; H-bridge output voltagei_pri1Primary current waveform (panel f)—Third row of timing diagram; triangular current through T1 primary
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between the two legs of the cycloconverter modules as
shown in Fig. 29.14d. Mode 4 ends when the switch
Q2 is completely turned OFF, and its output capaci-
tance is charged to VDC. At this point, it is necessary
to note that because S1 and S2 are OFF simultaneously,
each of them support a voltage of VDC.

Mode 5 (Fig. 29.14e): This mode starts when Q2 is completely
turned OFF. The primary currents Ip1 and Ip2 are neg-
ative, while the load current is positive as shown in
Fig. 29.14e.

29.4.2 Design Issues

29.4.2.1 Duty-Ratio Loss
As shown in Fig. 29.16, the finite slope of the rising and falling
edges of the transformer primary current because of the leakage
inductance (Llk) will reduce the duty cycle (d). This duty-ratio
loss is given by [1]

1d =
N

Vdc
Llk
·

T
2

·

(
2iout −

vout

Lf1
· (1− d) ·

T

2

)
, (29.20)

where N is the transformer turns ratio, Lf1 is the output filter
inductance, iout is the filter current, vout is the output volt-
age, and T is the switching period. Assuming that Lf1 is large
enough, the second term in Eq. (29.20) can be omitted. Thus,
the duty-ratio loss has a sinusoidal shape and is proportional
to N and Llk. One can deduce from Eq. (29.20) that, due to the
high turns-ratio and low-input voltage, even a small leakage
inductance will cause a big duty-ratio loss.

Figure 29.17 shows (for a 1-kW inverter) the calculated duty-
ratio loss for an input voltage of 30 V and for N = 6.5. Four
parametric curves correspond to four leakage inductances of
0.5, 1, 1.5, and 2 µH are shown. Figure 29.17 shows that, for
a Llk of 2 µH, the duty-ratio loss is more than 25%. Conse-
quently, a transformer with even higher turns-ratio is required
to compensate for this loss in the duty ratio, which increases
the conduction loss and eventually decreases the efficiency.
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FIGURE 29.16 Transformer primary-side voltage and current wave-
forms [1].

29.4.2.2 Optimization of the Transformer Leakage
Inductance

The leakage inductance of the HF transformer enhances the
ZVS range of the dc–ac converter but reduces the duty ratio
of the converter, which increases the conduction loss. Thus, the
leakage inductance of each transformer is designed to achieve
the highest efficiency, as illustrated in Fig. 29.18. For the sinu-
soidally modulated dc–ac converter, the ZVS capability is lost
twice in every line cycle. The extent of the loss of ZVS is a func-
tion of the output current. The available ZVS range (tZVS) as a
percentage of the line cycle (tLineCycle) is given by [1]
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between the two legs of the cycloconverter modules as 
shown in Fig. 29.14d. Mode 4 ends when the switch 
Q2 is completely turned OFF, and its output capacitance 

is charged to VDC. At this point, it is necessary 
to note that because S1 and S2 are OFF simultaneously, 
each of them support a voltage of VDC. 

Mode 5 (Fig. 29.14e): This mode starts when Q2 is completely 
turned OFF. The primary currents Ip1 and Ip2 are negative, 

while the load current is positive as shown in 
Fig. 29.14e. 

29.4.2 Design Issues 
29.4.2.1 Duty-Ratio Loss 
As shown in Fig. 29.16, the finite slope of the rising and falling 
edges of the transformer primary current because of the leakage 
inductance (Llk) will reduce the duty cycle (d). This duty-ratio 
loss is given by [1] 
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where N is the transformer turns ratio, Lf1 is the output filter 
inductance, iout is the filter current, vout is the output voltage, 

and T is the switching period. Assuming that Lf1 is large 
enough, the second term in Eq. (29.20) can be omitted. Thus, 
the duty-ratio loss has a sinusoidal shape and is proportional 
to N and Llk. One can deduce from Eq. (29.20) that, due to the 
high turns-ratio and low-input voltage, even a small leakage 
inductance will cause a big duty-ratio loss. 

Figure 29.17 shows (for a 1-kW inverter) the calculated duty-ratio 
loss for an input voltage of 30 V and for N = 6.5. Four 

parametric curves correspond to four leakage inductances of 
0.5, 1, 1.5, and 2 μH are shown. Figure 29.17 shows that, for 
a Llk of 2 μH, the duty-ratio loss is more than 25%. Consequently, 

a transformer with even higher turns-ratio is required 
to compensate for this loss in the duty ratio, which increases 
the conduction loss and eventually decreases the efficiency. 
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FIGURE 29.16 Transformer primary-side voltage and current waveforms 
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29.4.2.2 Optimization of the Transformer Leakage 
Inductance 

The leakage inductance of the HF transformer enhances the 
ZVS range of the dc–ac converter but reduces the duty ratio 
of the converter, which increases the conduction loss. Thus, the 
leakage inductance of each transformer is designed to achieve 
the highest efficiency, as illustrated in Fig. 29.18. For the sinusoidally 

modulated dc–ac converter, the ZVS capability is lost 
twice in every line cycle. The extent of the loss of ZVS is a function 

of the output current. The available ZVS range (tZVS) as a 
percentage of the line cycle (tLineCycle) is given by [1] 
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FIGURE 29.19 Variation of the total switch loss of the dc–ac converter
with the leakage inductance of the HF transformer [1].

where Coss is the device output capacitance and CT is the
interwinding capacitance of the transformer. When the dc–ac
converter is not operating under ZVS condition, the devices are
hard-switched. A numerical calculation of the total switching
losses for the 1-kW inverter, as shown in Fig. 29.19, indicates
that the optimal primary-side leakage inductance for the HF
transformer should be between 0.2 and 0.7 µH. Clearly, as the
leakage inductance of the HF transformer increases, the total
switching loss decreases due to an increase in the range of
ZVS, while the total conduction loss increases with increasing
leakage inductance.

29.4.2.3 Transformer Tapping
The voltage variation on the secondary side of the HF
transformer necessitates high-breakdown-voltage rating for
the ac–ac-converter switches and diminishes their utilization.
For a step-up transformer with N = 6.5, the ac–ac-converter
switches have to withstand at least 390 V nominal voltage
when input ramps to the high end (60 V), while only 195 V is
required when 30 V is the input. In addition to the nominal
voltage, the switches of the ac–ac converter have to tolerate the
overshoot voltage (as shown in Fig. 29.20) caused by the oscil-
lation between the leakage inductance of the transformer and
the junction capacitances of the power MOSFETs during turn-
off [11]. The frequency of this oscillation is determined using
fring =

1
2π
√

N 2LlkCeq
, where Ceq is the equivalent capacitance

of the switch output capacitance and the parasitic capacitance
of the transformer winding. The conventional passive snub-
ber circuit or active-clamp circuits can be used to limit the
overshoot but they will induce losses, increase the system com-
plexity, and component costs. One simple but effective solution
is to adjust the transformer turns ratio according to the input
voltage.

To change the turns ratio of the HF transformer, a bidi-
rectional switch is required. Considering its simplicity and

FIGURE 29.20 Drain-to-source voltage [1] across one of the ac–ac
converter power MOSFETs.

low conduction loss, a low-cost SPDT relay is chosen for the
inverter, as shown in Fig. 29.12. For this prototype, for an
input voltage in the range of 30–42 V, N equals 6.5. Hence,
500 V devices are used for the highest input voltage consid-
ering an 80% overshoot in the drain-to-source voltage that
was observed in experiments. For an input voltage of more
than 42 V, N equals 4.3, and hence the same 500 V devices can
still be used to cover the highest voltage as the magnitude of
the voltage oscillation is reduced. The relay is activated near
the zero-crossing point (where power transfer is negligible) to
reduce the inrush current. Such an arrangement improves the
efficiency of the transformer and significantly increases the uti-
lization of the ac–ac-converter switches for the full range of
the input voltage. However, without adaptive transformer tap-
ping, the minimal voltage rating for the devices is given by
Vdc max ·N ·(1+80%) = 60·6.5·1.8 = 702 V. In practice, power
MOSFETs with 800 V or higher breakdown-voltage ratings are,
therefore, required because of the lack of 700 V rating devices.
The so-called rule of “silicon limit” (i.e., Ron ∝ BV2.5, where
BV is the breakdown voltage) indicates that, in general, higher-
voltage-rating power MOSFETs will have higher Ron and hence
higher conduction losses. Furthermore, for the same current
rating, the switching speed of a power MOSFET with higher
breakdown-voltage rating is usually slower. As such, converter
efficiency is expected to degrade further as a result of enhanced
power loss.

29.4.2.4 Effects of Resonance between the
Transformer Leakage Inductance and
the Output Capacitance of the
AC–AC-Converter Switches

Resonance between the transformer leakage inductance and the
output capacitance of the ac–ac-converter devices causes the
peak device voltage to exceed the nominal voltage (obtained
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[1]. FIGURE 29.20 Drain-to-source voltage [1] across one of the ac–ac 
converter power MOSFETs. 

where Coss is the device output capacitance and CT is the 
interwinding capacitance of the transformer. When the dc–ac 
converter is not operating under ZVS condition, the devices are 
hard-switched. A numerical calculation of the total switching 
losses for the 1-kW inverter, as shown in Fig. 29.19, indicates 
that the optimal primary-side leakage inductance for the HF 
transformer should be between 0.2 and 0.7 μH. Clearly, as the 
leakage inductance of the HF transformer increases, the total 
switching loss decreases due to an increase in the range of 
ZVS, while the total conduction loss increases with increasing 
leakage inductance. 
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low conduction loss, a low-cost SPDT relay is chosen for the 
inverter, as shown in Fig. 29.12. For this prototype, for an 
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500 V devices are used for the highest input voltage considering 
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was observed in experiments. For an input voltage of more 
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still be used to cover the highest voltage as the magnitude of 
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the zero-crossing point (where power transfer is negligible) to 
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higher conduction losses. Furthermore, for the same current 
rating, the switching speed of a power MOSFET with higher 
breakdown-voltage rating is usually slower. As such, converter 
efficiency is expected to degrade further as a result of enhanced 
power loss. 
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29.4.2.4 Effects of Resonance between the 
Transformer Leakage Inductance and 
the Output Capacitance of the 
AC–AC-Converter Switches 

Resonance between the transformer leakage inductance and the 
output capacitance of the ac–ac-converter devices causes the 
peak device voltage to exceed the nominal voltage (obtained



Rashid Ch29-9780123820365 2010/10/5 1:57 Page 19 #19

29 High-Frequency Inverters 19

25 30 35 40 45 50 55 60 65
300

400

500

600

700

800
P

ea
k 

se
co

nd
ar

y 
vo

lta
ge

 (
V

)

Input voltage (V )

FIGURE 29.21 Peak voltage across the ac–ac converter [1] with vary-
ing input voltage for a transformer primary leakage inductance of 0.7 µH,
output capacitance of 240 pF (for the devices of the ac–ac converter), and
output filter inductance and capacitance of 1 mH and 2.2 µF, respectively.

in the absence of the transformer leakage inductance). This
is demonstrated in Fig. 29.21. Considering N = 6.5, one can
observe that the peak secondary voltage can be around twice
the nominal secondary voltage. Consequently, the breakdown-
voltage rating of the ac–ac-converter switches needs to be
higher than the nominal value. As power MOSFETs are used
as switches, higher breakdown voltage entails increased on-
resistance that yields higher conduction loss. So, the leakage
affects the conduction loss and the selection of the devices
for the ac–ac converter. The resonance begins only after the
secondary current completes changing its direction and the
ac–ac-converter switches initiate turn-on or turn-off. During
this resonance period, energy is transferred back and forth
between the leakage and filter inductances and the device and
filter capacitances in an almost-lossless manner. The current
through the switch that supports the oscillating voltage is
almost zero. Thus, practically, no switching loss is incurred
because of this resonance phenomenon although it may have
an impact on the electromagnetic-emission profile.

29.5 Hybrid-Modulation-Based
Multiphase HFL High-Power
Inverter [5–8]

Recent high-voltage SiC DMOSFETs, with 100–400X lower on-AQ:6
resistance, and SiC JBS diodes, with superior reverse recovery
and with projected >3X thermal sustenance and conductiv-
ity along with advanced high-permeability and high-efficiency
nanocrystalline core (e.g., with>1 T flux density) transformers
pave way for isolated high-power and HFL inverters. They have
attained significant attention with regard to wide applications
encompassing high-power renewable- and alternative-energy

systems (e.g., photovoltaic, wind, and fuel-cell energy systems),
DG/DER applications, active filters, energy storage, compact
defense power-conversion modules for defense, as well as com-
mercial electric/hybrid vehicles because of potential for sig-
nificant reduction in materials and labor cost without much
compromise in efficiency. Along that line, a new innovation in
the form of a hybrid modulation (HM) [5, 6] has been put
forward by the author recently that significantly reduces the
switching loss of HFL topologies (e.g., Fig. 29.22 [5–8]). The
HM scheme is unlike all reported discontinuous-modulation
(DM) schemes where the input to the final stage of the inverter
is a dc and not a pulsating-dc; further, in the HM scheme,
switches in two legs of the ac–ac converter do not change state
in a 60◦ cycle, and switches in any one leg do not change state
for an overall 240◦. In contrast, for a conventional DM scheme,
most switches of one leg of the ac–ac converter do not change
stage in a 60 or 120◦ cycle. The present three-phase HM scheme
is also different from earlier reported modulation schemes for
single-phase, direct-power-conversion systems. The primary
role of the modulation scheme for the single-phase ac–ac con-
verter is to demodulate the rectifier output on a half-line-cycle
basis to generate the output sine-wave-modulation pattern by
switching all the ac–ac converter devices under low-frequency
condition.

29.5.1 Principles of Operation [13]

29.5.1.1 Three-Phase DC–AC Inverter
Figure 29.23 illustrates the generation of switch-gate signals
for the proposed converter. The bottom switches are con-
trolled complimentarily to the upper ones, hence they are not
described further. Three gate-drive signals UT, VT, and WT for
primary side devices are obtained by phase shifting a square
wave with respect to a 10-kHz square wave signal Q (shown in
Fig. 29.24b). Q is synchronous with a 20-kHz saw-tooth carrier
signal, shown in Fig. 29.24a. The phase differences are mod-
ulated sinusoidally using three 60 Hz references a, b, and c,
respectively. Two gate signals for phase U and V are plotted
in Fig. 29.24c and d. Because carrier frequency is much higher
than the reference frequency, UT, VT, and WT will be square
wave with the frequency of 10 kHz, and their phases are mod-
ulated. The obtained output line–line voltages at the primary
side of the transformers are bipolar waveforms. Vuv is plotted
in Fig. 29.24e as an example. After passing through HF trans-
formers, they are rectified by a three-leg diode bridge at the
secondary side to obtain a unipolar PWM waveform, which has
six-pulse as envelop. Its waveform is shown in Fig. 29.24g, and
the mathematic expressions are:

Vrec = N · Vdc ·Max (|UT− VT|, |VT−WT|, |WT− UT|),

(29.22)

UT = Q⊗ PWMa VT = Q⊗ PWMb WT = Q⊗ PWMc,

(29.23)
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FIGURE 29.23 Diagram of gate-drive-signal generation for the HFL inverter [13].

where PWMx (x= a, b, or c) denotes the binary compara-
tor output between reference and carrier for phase x. Sym-
bol “⊗” stands for XNOR operation. N is the transformer
turns ratio. Divide the six-pulse rectified waveform into six
segments named P1∼P6 as shown in Fig. 29.25g. The rising
and falling edges of Vrec are different for different segments.
Figure 29.24a’–f ’ show a particular time interval within seg-
ment 2, where the rising and falling edges of Vrec (marked as
↑Vrec and ↓Vrec) are determined by the edges of UT and VT,
respectively. Other cases are summarized in Table 29.2.

29.5.1.2 Switching Strategy for the AC–AC Converter
Similar to the case of three-phase ac–dc rectifier, the rectified
PWM output is contributed respectively by Vwv, Vuv, Vuw, Vvw,
Vvu, and Vwu at each segment from P1 to P6. The bottom part
of the Fig. 29.23 shows the diagram of generating switching sig-
nals for three upper switches of secondary-side ac–ac inverter.
During each segment, every switch will be either: permanently
ON (1), permanently OFF (0), or toggling with 20 kHz. The
switching pattern for the upper three switches in each segment
for one cycle period is summarized in Table 29.3.
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DC–AC converter (left stage): A fixed DC bus labelled DC feeds two rows of SiC MOSFET half-bridge switch cells. Each switch cell symbol shows terminals D (drain), G (gate), and S 
(source) with an anti-parallel diode. Upper row (left to right): switch UT, switch VT, switch WT. Lower row (left to right): switch UB, switch VB, switch WB. The upper rail is the positive 
DC bus; the lower rail is the negative DC bus. The midpoints of each half-bridge (UT/UB, VT/VB, WT/WB) feed the primary windings of the nanocrystalline HF transformer. 2. 
Nanocrystalline HF transformer (centre): The transformer symbol (three coupled inductors) connects the DC–AC stage to the AC–DC stage. The turns ratio is labelled N1:N2. 3. 
AC–DC converter (middle stage): Secondary-side SiC MOSFET switch cells, again in two rows. Upper row (left to right): UUT, VVT, WWT, each with D, G, S terminals and 
anti-parallel diode labelled Di. Lower row: UUB, VVB, WWB with the same topology. The rectified output is a pulsating DC node labelled Vrec (annotated as 

"Pulsating 
DC 
Vrec"). 4. AC–AC converter (right stage): A third bank of SiC MOSFET switch cells converts the pulsating DC to three-phase AC. Upper row (left to 

right): UUT, VVT, WWT. Lower row: UUB, VVB, WWB. Each cell again carries D, 

G, 
S terminals and anti-parallel diode Di. The three output lines are labelled a (top), b (middle), and c (bottom) on the far right, 

collectively forming the AC output. All switch cells in every stage are identified as SiC MOSFET devices (noted by the legend "SiC MOSFET" beneath each stage). Anti-parallel diodes are 
integrated within each switch symbol. FIGURE 29.22 — Switch designators, stage assignment, and row position for the HFL topology Designator Stage Row Device type Associated diode UT
DC–AC converterUpperSiC MOSFET

D (anti-parallel) VT

DC–AC converterUpperSiC MOSFETD (anti-parallel) WTDC–AC converterUpperSiC MOSFETD (anti-parallel) UBDC–AC converterLowerSiC 
MOSFETD (anti-parallel) VBDC–AC converterLowerSiC MOSFETD (anti-parallel) WBDC–AC converterLowerSiC MOSFETD (anti-parallel) UUT

AC–DC converterUpperSiC MOSFETDi (anti-parallel) VVTAC–DC converterUpperSiC MOSFETDi 
(anti-parallel) WWTAC–DC converterUpperSiC MOSFETDi (anti-parallel) UUBAC–DC converterLowerSiC MOSFETDi (anti-parallel) VVBAC–DC converterLowerSiC MOSFETDi (anti-parallel) 
WWBAC–DC converterLowerSiC MOSFETDi (anti-parallel) UUT

AC–AC converterUpperSiC MOSFETDi (anti-parallel) VVT
AC–AC converterUpperSiC MOSFETDi (anti-parallel) WWTAC–AC converterUpperSiC MOSFETDi (anti-parallel) UUBAC–AC converterLowerSiC MOSFETDi (anti-parallel) VVBAC–AC 
converterLowerSiC MOSFETDi (anti-parallel) WWBAC–AC converterLowerSiC MOSFETDi (anti-parallel) Note: UUT, VVT, WWT, UUB, VVB, WWB designators appear in both the AC–DC and 
AC–AC stages as printed in the source schematic. Source: Rashid, Ch29-9780123820365, p. 20, Figure 29.22. Reference [13] cited in original caption context. 

D 

c 

G G G G G 

FIGURE 29.23 — Block/signal-flow diagram (gate-drive-signal generation schematic). Diagram of gate-drive-signal generation for the HFL inverter [13]. The diagram shows how gate-drive pulses for all 
switches of the HFL inverter are derived from three reference signals and a carrier. The signal flow proceeds as follows: 1. Reference and carrier inputs: Three sinusoidal sources 
labelled 

Ref_a, 

Ref_b, and 

Ref_c (each shown as a circle with a sine-wave symbol) supply individual reference signals for phases 

a, 

b, and c respectively. 2. PWM 
comparators: Each reference is fed to the non-inverting (+) input of a comparator; the inverting (−) input receives the common Carrier signal (a triangular waveform source). The outputs are 
PWMa (from Ref_a vs. Carrier), PWMb (from Ref_b vs. Carrier), and PWMc (from Ref_c vs. Carrier). 3. Carrier divide-by-2: The Carrier signal is also routed to a ÷2 block, whose output is 
labelled Q. 4. Sector signal generation: Three subtractor blocks (each marked −1) compute line-to-line differences. Their outputs are labelled in pairs: ab/ba, bc/cb (labelled bc over cb), and 
ca/ac. These six sector signals feed a block labelled mod (modulation selector), whose output is labelled HF. 5. Ramp generator: A ramp waveform source (shown as a sawtooth symbol 
labelled Ramp) feeds a logic block with outputs 1 and 0. 6. Output AND gates — primary-side switches: PWMa, PWMb, PWMc are combined (via AND-gate symbols) with appropriate enabling 
signals to produce gate drives for the primary-side switches: UT and UB (phase U top and bottom), VT and VB (phase V top and bottom), WT and WB (phase W top and bottom). 7. Output AND 
gates — secondary-side switches: The HF signal from the mod block and the Ramp/logic outputs are combined to drive the secondary AC–AC stage switches: 

UUT and 

UUB, 

VVT and 

VVB, 

WWT and 

WWB. The final output nodes are shown on the right with labels UUT→UUB, VVT→VVB, WWT→WWB, and the two 
logic levels 1 and 0 from the Ramp block. FIGURE 29.23 — Signal and block inventory for the gate-drive generation diagram Label / Designator Block / Signal type Input(s) Output(s) Ref_aSinusoidal reference source—Phase-a reference to comparator 
Ref_bSinusoidal reference source—Phase-b reference to comparator Ref_cSinusoidal reference source—Phase-c reference to comparator CarrierTriangular carrier source—Comparator inverting inputs; ÷2 block Comparator (×3)Analog comparatorRef_x 
(+), Carrier (−)

PWMa, 

PWMb, 

PWMc ÷2Frequency dividerCarrierQ PWMaBinary PWM signalComparator outputAND gate (primary 
UT/UB) PWMbBinary PWM signalComparator outputAND gate (primary VT/VB) PWMcBinary PWM signalComparator outputAND gate (primary WT/WB) −1 subtractor (×3)Subtractor / sector 
detectorPairs of Ref signalsab/ba, bc/cb (bc over cb), ca/ac sector signals mod (HF)Modulation selector blockab/ba, bc/cb, ca/acHF enable signal RampRamp/sawtooth generator—Logic 

1 / 0 outputs QDivided carrier signal÷2 block~secondary-side gating logic UT, 
UBGate-drive output — primaryPWMa + enableSiC MOSFET UT, UB gates VT, VBGate-drive output — primaryPWMb + enableSiC MOSFET 

VT, VB gates 

WT, WBGate-drive output — primaryPWMc + enable

SiC MOSFET WT, WB gates 

UUT, 

UUBGate-drive output — secondaryHF + Ramp logicSiC MOSFET 

UUT, UUB gates 

VVT, VVBGate-drive output — secondary
HF + 

Ramp logic

SiC MOSFET 

VVT, 

VVB gates 

WWT, 

WWBGate-drive output — secondary

HF + Ramp logic

SiC MOSFET 

WWT, WWB gates Source: 

Rashid, Ch29-9780123820365, p. 20, Figure 29.23. Reference [13] cited in original caption. 
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where PWMx (x = a, b, or c) denotes the binary comparator 
output between reference and carrier for phase x. Symbol “⊗” 

stands for XNOR operation. N is the transformer 
turns ratio. Divide the six-pulse rectified waveform into six 
segments named P1~P6 as shown in Fig. 29.25g. The rising 
and falling edges of Vrec are different for different segments. 
Figure 29.24a′–f′ show a particular time interval within segment 

2, where the rising and falling edges of Vrec (marked as ↑
Vrec and ↓Vrec) are determined by the edges of UT and VT, 
respectively. Other cases are summarized in Table 29.2.

29.5.1.2 Switching Strategy for the AC–AC Converter
Similar to the case of three-phase ac–dc rectifier, the rectified 
PWM output is contributed respectively by Vvw, Vuv, Vuw, Vvw, 
Vvu, and Vwu at each segment from P1 to P6. The bottom part 
of the Fig. 29.23 shows the diagram of generating switching signals 

for three upper switches of secondary-side ac–ac inverter. 
During each segment, every switch will be either permanently 
ON (1), permanently OFF (0), or toggling with 20 kHz. The 
switching pattern for the upper three switches in each segment 
for one cycle period is summarized in Table 29.3.

wv 
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(b)

(c)

(f)

(d)

(e)

(a)

(b’)

(c’)

(f’)

(d’)

(e’)

(a’)

FIGURE 29.24 Key waveforms [13] of the primary-side dc–ac converter in one cycle and enlarged view of the interval between two dot lines; (a)
three-phase sine-wave references and carrier signal; (b) Q: square ware with half frequency of the carrier; (c) UT: gate signal for the upper switch of
phase U; (d) VT: gate signal for the upper switch of phase V; (e) Vuv: output of phase U and V; and (f) Vrec: output waveform of the rectifier.

TABLE 29.2 The edge dependence of the rectifier output on gate signals

P1 P2 P3 P4 P5 P6

↑Vrec wt ut ut vt vt wt

↓Vrec vt vt wt wt ut ut

TABLE 29.3 Switching pattern for upper switches of the ac–ac inverter

P1 P2 P3 P4 P5 P6

Vrec Vwv Vuv Vuw Vvw Vvu Vwu

UUT HF ON ON HF OFF OFF

VVT OFF OFF HF ON ON HF

WWT ON HF OFF OFF HF ON

Mod ab cb bc ac ca ba

The switch positions illustrated in Fig. 29.23 are for the
case of segment P2. Because the rectifier output has the same
shape as Vuv within this interval, the line–line voltage Vab at
the output side of the ac–ac inverter can be directly obtained
by keeping switches UUT and VVT at ON and OFF status,

respectively. Another line–line voltage Vcb, however, needs to
be achieved by operating switches on the third leg WWT and
WWB under HF condition, where modulated signal (mod) is
the difference between references c and b and the carrier sig-
nal (ramp) is a 20-kHz saw-tooth waveform synchronized with
the PWM output of the rectifier. The key waveforms are shown
in Fig. 29.25. The mathematical expression for three line–line
voltages is given as follows:

Vab = Vrec · (UUT− VVT)

Vcb = Vrec · (WWT− VVT)

Vca = Vcb − Vab (29.24)

An illustration of the ac–ac converter’s HM scheme (as com-
pared with several other SVM and SPWM schemes) is shown in
Fig. 29.26. The outlined switching strategy is the best option for
resistive load because the peaks of the currents follow the peaks
of the fundamental voltages. Therefore, each phase leg does not
switch just when the current is at its maximum value, thereby
minimizing switching losses. For unity-power-factor load, the
HM scheme for the ac–ac converter can be adjusted accordingly
for minimizing the losses.
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(b) 

FIGURE 29.24 — Multi-panel waveform diagram. Key waveforms [13] of the primary-side dc–ac converter in one cycle and enlarged view of the interval between two dot lines. Diagram type: 
multi-panel timing/waveform diagram. Shows six waveform panels (a)–(f) for one full cycle and six corresponding enlarged panels (a')–(f') for the interval between two dot lines. 
Component details are described in the prose below. The figure contains two groups of waveform panels arranged vertically, each panel sharing a common horizontal time axis. 
Full-cycle group (panels (a) through (f)): 1. Panel (a): Three-phase sine-wave reference signals overlaid with a high-frequency triangular carrier signal. The sine waves span the full 
horizontal extent; the carrier (saw-tooth/triangular) runs at a much higher frequency, filling the panel with dense oscillations. Two vertical dot lines mark a sub-interval that is enlarged 
in the (a')–(f') group. 2. Panel 

(b): Signal Q — 

a 

square wave at half the frequency of the carrier. The waveform alternates between a high and a low level 
symmetrically across the cycle. 3. Panel 

(c): Signal UT — gate signal for the upper switch of 
phase U. A pulse-width-modulated rectangular waveform; pulses are narrower near the zero-crossings of the phase-U reference and wider near its peak. 4. 

Panel 
(d): Signal VT — gate signal for the upper switch of phase V. Similar PWM rectangular waveform, modulated by the phase-V reference, offset in phase from UT. 5. 

Panel 
(e): Signal Vuv — line-to-line output voltage of phases U and V. A three-level PWM waveform (positive, zero, and negative levels) whose envelope follows the line–line sine difference 

Vuv. 6. Panel 
(f): 

Signal 
Vrec — output waveform of the rectifier. A unipolar PWM waveform; all 

pulses are at the positive level, with pulse widths modulated by the rectified sine envelope. Enlarged interval group (panels (a') through (f')): These panels show the same six signals 
over only the sub-interval delimited by the two dot lines in the full-cycle panels, providing finer time resolution to reveal individual switching events. 1. Panel (a'): Enlarged view of the 

three-phase sine-wave references and carrier. Individual saw-tooth/triangular carrier cycles are now clearly visible, as are the slowly varying sine-wave reference 
levels for each phase. 2. Panel (b'): Enlarged Q square wave; shows a small number of complete half-periods within the interval. 3. Panel (c'): Enlarged UT gate signal; individual 
PWM pulses and their widths are resolved. 4. Panel (d'): Enlarged VT gate signal; individual PWM pulses and their widths are resolved. 5. Panel (e'): Enlarged Vuv output; individual 
three-level PWM transitions between positive, zero, and negative are visible. 6. Panel (f'): Enlarged Vrec rectifier output; individual positive PWM pulses with modulated widths are 
resolved. Left-pointing arrowheads on the left margin of panels (a), (e), (f), (a'), 

(c'), 

(d'), 

(e'), and (f') indicate the positive reference level (baseline 
or mid-level) for each respective waveform. 

(f) 

(b’) 

(c’) 

(f’) 

(d’) 

(e’) 

(a’) 

(a) 
with 

TABLE 29.2 The edge dependence of the rectifier output on gate signals 

P1 P2 P3 P4 P5 P6 

↑Vrec wt ut ut vt vt wt 
↓Vrec vt vt wt wt ut ut 

TABLE 29.3 Switching pattern for upper switches of the ac–ac inverter 

P1 P2 P3 P4 P5 P6 

Vrec Vwv Vuv Vuw Vvw Vvu Vwu 

UUT HF ON ON HF OFF OFF 
VVT OFF OFF HF ON ON HF 
WWT ON HF OFF OFF HF ON 
Mod ab cb bc ac ca ba 

The switch positions illustrated in Fig. 29.23 are for the 
case of segment P2. Because the rectifier output has the same 
shape as Vuv within this interval, the line–line voltage Vab at 
the output side of the ac–ac inverter can be directly obtained 
by keeping switches UUT and VVT at ON and OFF status, 

respectively. Another line–line voltage Vcb, however, needs to 
be achieved by operating switches on the third leg WWT and 
WWB under HF condition, where modulated signal (mod) is 
the difference between references c and b and the carrier signal 

(ramp) is a 20-kHz saw-tooth waveform synchronized with 
the PWM output of the rectifier. The key waveforms are shown 
in Fig. 29.25. The mathematical expression for three line–line 
voltages is given as follows: 

Vab = Vrec · (UUT − VVT) 

Vcb = Vrec · (WWT − VVT) 

Vca = Vcb − Vab (29.24) 

An illustration of the ac–ac converter’s HM scheme (as compared 
with several other SVM and SPWM schemes) is shown in 

Fig. 29.26. The outlined switching strategy is the best option for 
resistive load because the peaks of the currents follow the peaks 
of the fundamental voltages. Therefore, each phase leg does not 
switch just when the current is at its maximum value, thereby 
minimizing switching losses. For unity-power-factor load, the 
HM scheme for the ac–ac converter can be adjusted accordingly 
for minimizing the losses.
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P1 P2 P3 P4 P5 P6 P1
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(g’)
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(k’)
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FIGURE 29.25 Key waveforms [13] of the secondary-side ac–ac inverter in one cycle and enlarged view of the interval between two dot lines; (g) Vrec:
output PWM waveform of rectifier with six-pulse envelop; (h) mod: modulated signal and ramp: the carrier which is synchronous with (g); (i) UUT:
gate signal for the top switch of phase a; (j) VVT: gate signal for the top switch of phase b; (k) WWT: gate signal for the top switch of phase c; and (l)
PWM output of the line–line voltage Vab and its envelop.
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1/6th third harmonic 
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Hybrid modulationV0–V7

FIGURE 29.26 Modulation functions corresponding to sine wave (with 1/6th third harmonic), V0, V0–V7 SVMs, and HM schemes. Blue and red
traces represent zero sequence and sinusoidal signals. Black trace is the modulating signal.
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(g) 

(h) 

FIGURE 29.25 Key waveforms [13] of the secondary-side ac–ac inverter in one cycle and enlarged view of the interval between two dot lines; (g) Vrec: 
output PWM waveform of rectifier with six-pulse envelop; (h) mod: modulated signal and ramp: the carrier which is synchronous with (g); (i) UUT: 
gate signal for the top switch of phase a; (j) VVT: gate signal for the top switch of phase b; (k) WWT: gate signal for the top switch of phase c; and (l) 
PWM output of the line–line voltage Vab and its envelop.The figure is divided into two columns. The left column contains panels (g) through (l), spanning one full 

fundamental cycle divided into six sub-periods labelled 

P1, P2, P3, P4, P5, P6, P1. The right column contains panels (g′) through (l′), which are 
enlarged views of the interval between the two vertical dot lines visible in the left column.Plot type for all panels: schematic time-series waveform traces (no quantitative axis scales are printed; 
time runs left-to-right on the horizontal axis).• Horizontal axis: Time (one fundamental cycle, subdivided into periods P1–P6–P1 by vertical dashed markers). No numeric tick values are printed.• 
Vertical axis: Signal amplitude (no numeric scale printed for any panel).• Period labels (left column): P1, P2, P3, P4, P5, P6, P1 are marked with double-headed arrows across the top of panel 
(g).• Switch-state labels in panel (h): ab, cb, cb, bc, ac, ac, ba, ba (printed at the intersections of the modulated signal and the carrier ramp, indicating the conducting phase-pair).Panel (g) — V
rec, left column (full cycle): High-frequency PWM pulse train riding on a six-pulse rectified envelope. The envelope rises and falls with a six-pulse (hexagonal) shape, completing six half-humps 
per fundamental cycle. Pulse density is high and uniform throughout.Panel (h) — mod and ramp, left column (full cycle): Two superimposed traces: a slowly varying modulated signal (smooth, 
following the six-pulse envelope shape) and a high-frequency triangular carrier ramp that is synchronous with Vrec. Phase-pair labels 

(ab, cb, bc, ac, ba, etc.) are annotated at the carrier intersections.ca Panel (i) — UUT gate 
signal (phase a top switch), left column (full cycle): A pulse-width-modulated digital waveform (0/1 transitions). Active (high) pulses are concentrated in two regions of the cycle corresponding to 
periods P1–P2 and P4–P5 approximately, with relatively fewer pulses in the remaining periods.Panel (j) — VVT gate signal (phase b top switch), left column (full cycle): PWM digital waveform. 
Active pulses are concentrated in a shifted region relative to panel (i), corresponding approximately to periods P2–P3 and P5–P6.Panel (k) — WWT gate signal (phase c top switch), left column 
(full cycle): PWM digital waveform. Active pulses occupy yet another shifted region, approximately P3–P4 and P6–P1, complementary to panels (i) and 

(j).

(k) 

Panel 

(l) — V

ab PWM output and envelope, left column (full cycle): Dense 
PWM pulse train representing the line–line voltage Vab. A smooth envelope is superimposed, tracing a sinusoidal shape over the full cycle. The envelope crosses zero twice per cycle and 
exhibits positive and negative half-cycles. Pulse polarity alternates correspondingly.

(g’) 

(h’) 

(i’) 

(j’) 

(k’) 

(l’) 

Panel (g′) — Vrec, right column (enlarged interval): Enlarged view of Vrec in the interval between the two dot 
lines. Individual PWM pulses are clearly resolved. The six-pulse envelope shape is visible as a slight variation in pulse width across the interval. A smooth envelope curve is drawn over the 
pulse tips.Panel (h′) — mod and ramp, right column (enlarged interval): Enlarged view showing the triangular carrier ramp (sawtooth-like, rising linearly then resetting) and the modulated signal 
as a nearly linear slowly rising line crossing the carrier at regular intervals. The intersections determine the pulse widths in (g′).Panel (i′) — UUT gate signal, right column (enlarged interval): 
Enlarged view of the phase-a top-switch gate signal. Shows a sequence of narrow high pulses; in this particular interval the gate is predominantly low with a few short high pulses.Panel (j′) — 
VVT gate signal, right column (enlarged interval): Enlarged view of the phase-b top-switch gate signal. Shows wider high pulses in this interval compared to (i′), consistent with phase b 
conducting during this period.Panel (k′) — WWT gate signal, right column (enlarged interval): Enlarged view of the phase-c top-switch gate signal. Shows a mix of pulse widths; the signal is high 
for part of the interval.Panel (l′) — Vab and envelope, right column (enlarged interval): Enlarged view of the line–line voltage PWM output. Individual positive and negative pulses are resolved. 
The smooth sinusoidal envelope is clearly visible. Pulse widths vary in proportion to the instantaneous envelope value.Note: No numeric axis tick values are printed on any panel of FIGURE 
29.25. Tabulation is not applicable; qualitative descriptions are given for all panels.

FIGURE 29.26 Modulation functions corresponding to sine wave (with 1/6th third harmonic), V0, V0–V7 SVMs, and HM schemes. Blue and red 
traces represent zero sequence and sinusoidal signals. Black trace is the modulating signal.Four panels are arranged in a 2×2 grid. Each panel shares the same axis 

ranges and contains two or three continuous waveform traces over approximately one fundamental period (0 to ~6.28 radians, i.e., 0 to 2π).• Horizontal axis (all panels): Angle or 
normalized time, range 0 to 

6 (ticks at 0, 1, 2, 3, 4, 5, 6). Units not explicitly stated; 
interpreted as radians (0 to ~2π) or normalized period units.• Vertical axis (all panels): Amplitude, range 

−1 to 

1 (ticks at 

−1, 

0, 

1). Dimensionless (normalized).• Series identification (per caption): Blue trace = zero-sequence 
signal; Red trace = sinusoidal signal; Black trace = modulating signal. (Color is stated in the caption; series are also distinguishable by shape as described below.)
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Panel top-left — 

“Sine wave and 1/6th 
third harmonic”: Continuous waveform time series with horizontal values from 0 to 6 and vertical values from −1 to 1. The sinusoidal 

signal is a fundamental sine wave; the zero-sequence signal is 1/6th of the third harmonic; and the modulating signal is their sum, with flattened peaks.
1/6 th 

V0 

Panel top-right — “V0”: Continuous 
waveform time series with the same axes. The sinusoidal signal is combined with a V0 zero-sequence injection of approximately ±0.5, producing a more pronounced flat-top or saddle shape in 
the modulating signal.Panel bottom-left — “V0–V7”: Continuous waveform time series with the same axes. The V0–V7 SVM zero-sequence trace is more asymmetric and abrupt than the V0 
trace, while the resulting modulating waveform reaches approximately ±1 at its extrema.Panel bottom-right — 

“Hybrid modulation”: Continuous waveform time series with the same 
axes. The HM zero-sequence injection combines features of the preceding schemes, and the resulting modulating waveform reaches approximately ±1 with a relatively smooth shape.

V0–V7 
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10. R. D. Middlebrook and S. Ĉuk, Advances in switched-mode power
conversion, vols. I, II and III. TESLACO, 1983. AQ:9

11. J. A. Pomilio and G. Spiazzi, “Soft-commutated Ĉuk and SEPIC
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