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Abstract—This article proposes an efficient active voltage bal-
ancing (AVB) control strategy for an isolated dc/dc zero voltage
switching (ZVS) ćuk converter (IZCC) with series switches. Utiliz-
ing the proposed AVB on IZCC provides cellular balancing of the
voltage sharing between series switches. Besides that, it effectively
achieves ZVS turn-ON on all series switches. Gate-time delay and
duty cycle are control parameters for each cell to achieve AVB.
The proposed strategy has an efficient and simple control diagram
without requiring complex circuitry. A 3.1-kW hardware prototype
is realized to validate the proposed approach, which yields a peak
efficiency of 97.1% at 150 kHz switching frequency.

Index Terms—Active voltage balancing (AVB), isolated resonant
ćuk converter, series connection, voltage sharing, zero voltage
switching (ZVS).

I. INTRODUCTION

FOR high-voltage power conversion applications, such as
the electric vehicle area [1], solid-state transformers [2],

and high voltage direct current [3], semiconductor devices strug-
gle to handle such high voltages. It necessitates utilizing some
approaches, such as multilevel topologies [4], multicell convert-
ers [5], modular structures [6], modular multilevel converters
[7], and voltage multiplying circuits [8]. These approaches
mostly add more components or circuits or complicate the
control system.

A series connection of semiconductor switches [9], [10] is
yet another approach. It has less complexity but requires careful
design of the prototype to ensure voltage sharing among the
series switches. Because of differences in intrinsic parameters
of devices and driving circuits, there will always be voltage
sharing issues that necessitate using voltage balancing tech-
niques, which are classified into two main categories: passive
and active methods. Passive solutions, such as RC snubbers,
are reliable and straightforward but lossy in high-switching
frequency applications [11], [12].

The active method focuses on the effect of gate charging and
the switching time. Different approaches have been proposed
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in this regard. Controlled gate charging approach controls the
injected current into the gate [13], [14] and gate timing control
approach focuses on controlling the gate signal sequence among
the series-connected switches [15], [16]. Hybrid voltage balanc-
ing is the other approach, which utilizes a compensation capac-
itor to balance the distortion of the parasitic capacitor inside the
power module and a gate signal timing adjustment to equalize the
voltage sharing on the series devices [17]. In [18], a dual-channel
gate driver synchronously drives series-connected switches with
integrated active voltage balancing (AVB). It further proposes
a hybrid short-circuit protection scheme, achieving protection
for medium-voltage half-bridge modules. The complexity of
controlling, the necessity of utilizing a fast microcontroller, and
additional components increase the converter costs and losses
in these AVB approaches.

The utilization of AVB in high-frequency applications needs
to be such that soft switching happens on all the switches to
reduce switching losses. Therefore, careful converter selection,
AVB controlling, and soft switching achievement are crucial.
In [19], the series-connected switches are utilized in an LLC
converter, and the voltage sharing is balanced by adding a snub-
ber capacitor for each switch, besides achieving zero voltage
switching (ZVS) for all the switches. However, the approach
is not applied for frequencies under 100 kHz, and there is no
control on voltage balancing.

Utilizing an auxiliary circuit in parallel with each series switch
is an approach to simplify AVB controlling [20], [21]. In this
approach, each series switch is parallel with a switch in series
with a capacitor; all these three components are called a module.
There should be a control system to balance the dc voltage of the
series auxiliary capacitors in all modules. However, the approach
does not consider achieving ZVS for all switches. In [22], the
auxiliary circuit is utilized to make a tradeoff between the losses
and voltage balancing. Although it must use extra components
and complex control. The approach of a parallel auxiliary circuit
has been utilized in [23] to do AVB on the LLC converter with
series switches. The voltage sharing is balanced by controlling
the deadtime in each half bridge. The auxiliary switch turns on
for a short time to release the excessive energy of the auxiliary ca-
pacitor into the converter. The pulse needs to be regulated so that
the device turns off before the other complementary switch turns
on to avoid hard switching. However, the proposed approach
has been tested at a low switching frequency, which shows
that it needs a high-speed microcontroller for high-frequency
applications, and the auxiliary circuit is utilized only for a short
amount of time for AVB.
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Fig. 1. Proposed IZCC with series switches.

Recently, Gupta and Mazumder [24] have proposed an active-
clamped ZVS for a single-switch cell IZCC. Since the switch in
scheme is soft-switched, this article will explore if an IZCC with
more than one switching cell, as shown in Fig. 1, can achieve
voltage balancing w/o any complex circuitry and achieve ZVS
for all devices. In IZCC, each main switch has an active-clamp
snubber circuit. The primary purpose of the active-clamp snub-
ber circuit in the IZCC is to mitigate the effect of transformer
leakage inductance and avoid hard switching on the switches.
Compared to the other popular bidirectional converters, such
as the dual active bridge converter [25], [26], the IZCC has
a wide ZVS region for all switches with simple computation
in minimizing circulation current, resulting in simplicity in
reaching high efficiency in a wide range of the load and the
output voltage in both step-up and step-down operations. Also,
both input and output currents in this converter are continuous,
making the converter free of utilizing high-volume input and
output filters [24]. To use the IZCC in higher voltage applica-
tions and employ a series connection as shown in Fig. 1, the
active-clamp circuits are also critical to do voltage balancing.
Therefore, the utilization of an active-clamp snubber in IZCC
not only helps in voltage balancing with a simple control system
without any additional circuit, but it is also crucial to utilize the
stored energy inside the leakage inductor for achieving ZVS
in all the switches, especially in high-frequency applications.
Additionally, the proposed AVB technique helps easily achieve
ZVS on the series switches.

To our knowledge, there is no prior work on achieving AVB
on series switches in the converter operation while reaching ZVS
turn-ON on all switches with a simple control circuitry at high-
frequency applications. As such, the main contributions of this
study are as follows.

1) A series connection of switches with active-clamp snub-
ber circuits across the series switches to actively balance
the voltage and operate efficiently in high-frequency and
voltage applications.

2) A cellular control system without additional circuitry for
IZCC with series switches to do AVB on series switches,
and besides that, help in achieving ZVS on series switches
by controlling the gate signals’ delay time and duty cycle
in each cell.

The other sections deal with the operation and analysis of
the IZCC with a single switch, the effect of adding series cells,

Fig. 2. IZCC without series switches.

Fig. 3. Operation of IZCC without series switches.

the definition of AVB, converter and control design, hardware
results, conclusion, and references.

II. IZCC WITH A SINGLE SWITCH

A. Operation

The IZCC with series switches originally comes from the
pulsewidth modulation (PWM) active clamp ćuk converter
[24], [27]. This converter can achieve soft switching in a
wide range of loads and voltage gains. Fig. 2 shows the
IZCC without series switches topology. This converter has
two main switches (Sp1, Ss1) and two auxiliary switches
(Sp2, Ss2) and capacitors (CAP1, CAS1). The primary side
switches (SP1, SP2) operate as complementary switches with
the same operation for the secondary side switches (SS1, SS2) as
well.

Fig. 3 shows the operation of this converter. The converter op-
erates in eight modes of operation by considering the deadtimes.
Fig. 3 shows only four main modes because the deadtime modes
are negligible compared to the main modes of operation. Two
different types of duty cycles are introduced to the primary (dp1)
and secondary (ds1) side switches. It is for properly achieving
ZVS in all the switches. In this figure, ρt is the converter phase
shift and Tswp is the converter switching period.

The IZCC converter achieves ZVS turn-ON on all switches
by utilizing active-clamp circuits (auxiliary circuit) and the
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equivalent series inductor Lrp. The active-clamp circuit forces
a negative drain-to-source current (ids) through the switch,
which forces the switches’ output capacitors (Coss) to be charged
and discharged for the soft switching situation, enabling ZVS
turn-ON.

The auxiliary capacitors (CAP1,CAS1) and blocking capacitors
(Cb1,Cb2) are considered large enough to have negligible ripple.
Therefore, these capacitors function as a constant voltage source
throughout the switching cycle. These capacitor voltages are
applied to the equivalent resonant inductor Lrp based on the
status of all switches that facilitate the power transfer and the
circulating power.

The operation of the IZCC is linear. The switching frequency
is far from the resonant frequency between the Lrp and the
other blocking and auxiliary capacitors. Therefore, the resonant
inductor current (iLrp(t)) must remain linear across the main
switching modes, which prevents the LC tank from resonating
during these operational modes. Since iLrp(t) determines the
available energy to charge or discharge Coss capacitor for each
switch, its linearity introduces only small errors in estimating the
ZVS region when the operating point is far from the resonance
point. Near resonance, however, higher-order current compo-
nents would reduce the accuracy of ZVS prediction because the
oscillatory components affect the instantaneous value at switch
transition and may not match the linear prediction. In series
connections of the switches, these extra oscillations can disturb
the symmetry of the voltage sharing and have an effect of voltage
mismatch. Additionally, operating in the linear region simplifies
the converter modeling and prediction.

This article focuses on forward power flow, where ρt is
measured from the falling of the gate signal of Sp1 to raise
the gate signal of Ss1 as shown in Fig. 3. After applying the
volt-second balance on the input inductor Lin, output inductor
Lo and the resonant inductor Lrp over a switching cycle, the
steady-state average voltages for the auxiliary and the blocking
capacitors are captured in (1)–(3). Equations (4) and (5) are
related to the primary and secondary side duty cycles and are
defined for simplification.

VCAP 1
=

Vin

d
′
p1

(1)

VCAS 1
=

VO

d′
s1

(2)

VCb1 + VCb2 = Vin + Vo (3)

d′
p1 = 1− dp1 (4)

d′
s1 = 1− ds1. (5)

Following Fig. 3, the input inductor ripple (ΔILin) and the
output current ripple (ΔILo ) are captured in (6) and (7). The
input and output inductor current ripples are utilized to design
the inductors.

ΔILin =
Vindp1Tswp

2Lin
(6)

ΔILo =
Vods1Tswp

2Lo
. (7)

B. ZVS Conditions and Voltage Regulation

The ZVS conditions should be such that Coss of each switch
gets discharged completely before turning ON, and it gets
charged during the deadband when the switch starts to turn OFF.
This capacitor needs a minimum current to be discharged. This
minimum current is obtained using

imin = 2CossVds/tdb (8)

where Vds is the drain-to-source voltage of the switch during
the turn-OFF, which is equal to the voltage across the auxiliary
capacitor in each module. tdb is a deadband time between each
complementary switch, which needs to be appropriately speci-
fied.

The needed current to achieve ZVS is coming from iLrp(t).
This current needs to be appropriately specified to have ZVS for
all the switches. Therefore, the converter needs to be modeled
to find the value of iLrp(t) in each switching condition. Using
the gyrator model in [28] and [29], the converter’s operation can
be modeled.

Therefore, the initial values of the iLrp (t) to achieve ZVS
based on Fig. 3 are captured in the following equations:

iLrp (t0) =

(−0.5dp1d′
p1VCAP1 − 0.5ds1d′

s1VCAS1

+(d′
s1 − ρt) ds1VCAS1

)
fswLr

(9)

iLrp (t1) =

(−0.5dp1d′
p1VCAP1 + ρtdp1VCAP1

+0.5ds1d′
s1VCAS1

)
fswLr

(10)

iLrp (t2) =

(
0.5dp1d′

p1VCAP1 + 0.5ds1d′
s1VCAS1

− (d′
p1 − ρt

)
d′
s1VCAS1

)
fswLr

(11)

iLrp (t3) =

0.5dp1d′
p1VCAP1

− (dp1 − d′
s1 + ρt) d′

p1VCAP1

−0.5ds1d′
s1VCAS1

fswLr
. (12)

Based on the modes of the operation and the resonant, input,
and output inductor currents, the ZVS conditions for all of the
switches are given by the following equations:

iLrp (t0) < (ILin +ΔILin)− 2CossVCAP

tdb
[ZVS for SP2] (13)

iLrp (t1) > − (ILo +ΔILo) +
2CossVCAS

tdb
[ZVS for SS1]

(14)

iLrp (t2) > (ILin −ΔILin) +
2CossVCAP

tdb
[ZVS for SP1] (15)

iLrp (t3) < − (ILo −ΔILo)− 2CossVCAS

tdb
[ZVS for SS2] .

(16)
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Fig. 4. IZCC with n series switches.

From the ZVS conditions mentioned above, the situations for
(13) and (14) can easily be achieved. But the conditions for (15)
and (16) are critical, and they need to be specified properly by
finding the related values for the duty cycles and the converter
phase shift. Thus, by considering the initial values in the ZVS
conditions from (13) to (16), proper values for the duty cycles
could be achieved.

The integral of multiplication can be used to derive the
converter power transfer in iLrp(t) and v2(t) over a switching
period, as shown in Fig. 2. It is described by

Pt =
VinVoTswp

2Lrp

(
2ρt + (dp1 + ds1 − 1)− ρ2

t

d′
p1d′

s1

)
. (17)

It can be seen from (17) that ρt is the parameter utilized for
adjusting the power transfer and regulating the output voltage
because the other parameters are specified from the converter
design and the ZVS conditions. Therefore, ρt is the voltage
control parameter.

III. IZCC WITH SERIES SWITCHES

A. Series Connection

The operation of IZCC in higher voltage applications necessi-
tates that this converter be utilized as a series connection switch.
The idea of using the series switches is to replicate the combina-
tion of the main switch, the auxiliary switch, and the capacitor
in a series connection. It can be defined that the combination of
these three components is a cell that can be replicated in a series
of connections. Therefore, the IZCC topology with n series cells
is shown in Fig. 4.

As shown in Fig. 4, the IZCC converter is able to operate at dif-
ferent voltage levels with additional series cells. The operation
sequence of IZCC with n series cells is the same as that of IZCC
with a single cell. Ideally, each cell’s main and auxiliary switches
operate the same as the other series switches in the primary or
secondary series. The number of series cells is defined based on
the application and the voltage level.

Fig. 5. Voltage balancing on n series switches. (a) Operation AVB on series
switches. (b) Overall control of AVB with n cells. (c) Gate signal sequence and
durations for each switch cell.

B. Voltage Sharing on Series Cells

Each switch’s Vds in Fig. 4 is equal to the auxiliary capacitor
voltage in each cell. Therefore, equal voltage on the auxiliary
capacitors in series cells balances Vds on the series switches.
Careful component selection, symmetric design in both cells,
gate drivers, and a proper cooling system are the hardware
considerations that need to be paid attention to in the design.
Besides that, accurate converter and control parameters design
are required to ensure ZVS on the switches. When ZVS is
achieved, charging and discharging energy between the Coss

capacitors in each cell are done completely, and the charge
balances over each switching cycle. If a cell fails to achieve
ZVS, Coss charging/discharging is incomplete or abrupt, which
results in asymmetric energy flow, extra current spikes through
its auxiliary capacitor, and unidirectional cell charge flow over
multiple switching cycles. This can bias the auxiliary capacitor,
causing it to accumulate or lose its charge slowly [30], [19].

Mismatching in the gate signals between the series cells can
affect the ZVS even if the ZVS control parameters are correctly
specified. Losing ZVS causes more voltage imbalance between
the series cells. Therefore, the series connection of the series
cells can have two drawbacks: a voltage sharing issue and the
loss of ZVS on some of the series cells.

IV. ACTIVE VOLTAGE BALANCING

A. Operation

The AVB is the technique used to balance the voltage sharing
between the series cells and ensure the ZVS achievement of
all the series cells. This technique actively balances the voltage
sharing by adjusting the gate-time delay between the series cells’
gate signals and the duty cycle values in each cell.

The AVB is based on a distributed control system. It means
that each cell in Fig. 4 can do the AVB. The duty cycle and
gate-time delay between series cells’ gate signals are effective
parameters on the switches’ voltage balancing. Fig. 5(a) shows
the operation of the series switches when one of the switches has
an unbalanced voltage. In this figure, x represents both primary
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(p) and secondary (s) sides components and parameters in IZCC.
This figure assumes that the capacitor CAx2 has a lower voltage
value than the balanced voltage on the other switches. Therefore,
this capacitor needs more charge to balance its voltage. To do
that, two approaches can be utilized. The first one is making
a slight gate-time delay between the gate signals to make the
switch Sx3 turned OFF earlier than the other series switches,
and Sx4, the complementary switch with Sx3, turned ON to
charge CAx2. For a short amount of time, a higher input voltage
was imposed on CAx2. Therefore, the capacitor receives more
charges in a short time than before. The other approach is that
Sx4 needs to be turned ON longer than the other switches. This
means that its duty cycle needs to be longer than that of the other
series switches. Thus,CAx2 receives more charge, and its voltage
increases more than the other switches. On the contrary, the
switches start switching later than the others, or their duty cycle
can be lower than the other switches to receive a lower charge if
the capacitor voltage exceeds the balanced voltage. Controlling
the gate-time delay and duty cycle balances the voltage between
all the series switches.

Fig. 5(b) shows each switch cell’s overall cellular control
diagram by considering n series cells. As depicted, each cell
can do self-AVB by controlling the duty cycle and gate-time
delay. Fig. 5(c) shows how the gate signals can do the voltage
balancing using the gate-time delay or duty cycle variations.
Depending on which control parameter is chosen for AVB, the
gate-time delay does the AVB by shifting the gate signal and the
duty cycle by making small adjustments to the duty cycle. The
gate-time delay is specified compared to the first cell starting
gate signal. The first cell in Fig. 5(b), the “Cx1 AVB,” can only
control the duty cycle. The gate signal for this cell is considered
a reference gate signal, and the gate-time delay for the other
cells’ gate signal is specified based on the first cell gate signal,
as shown in Fig. 5(c). Therefore, each cell has two degrees of
freedom to do AVB. The relations between the duty cycle or
gate-time delay after doing AVB and before AVB are captured
by the following equations:

du
xm = dxm ±Δdxm (18)

ρ′
xm = ρxm ±Δρxm. (19)

In these equations, m is the rank of the cell among the series
cells, and it can range from 1 to n. dxm and ρxm are the original
values of the duty cycle and gate-time-delay, respectively.Δdxm

and Δρxm are the equivalent perturbations after the AVB block,
which need to be added or subtracted from the original values
of the duty cycle or gate-time delay. du

xm and ρ′
xm are the new

values of the duty cycle and gate-time delay, respectively, after
the AVB.

Fig. 6 shows the equivalent circuit of Fig. 5(a) for the primary
side series switches. In this circuit Ron is the equivalent turn-ON

resistor for all the turned-on series switches except the switch
SX3. i(t) is the CAX2 capacitor current. As can be seen, the
circuit can be simplified to an RC circuit as shown on the right
side of the figure. The Kirchhoff’s voltage law for this circuit is
as follows:

Vleg = Ron i (t) + VCAX2
(t) . (20)

Fig. 6. Equivalent circuit during the time that one capacitor receives more
charge than the other series capacitors.

Also, the equation for the CAX2 capacitor is as

VCAX2
(t) =

1

CAX2

∫
i (t) dt. (21)

Therefore, (18) can be written as

Vleg = Ron i (t) +
1

CAX2

∫
i (t) dt. (22)

From (20), the RC equivalent equation for i(t) is as follows:

di (t)

dt
+

i (t)

RonCAX2
= 0. (23)

From (23), the value of the i(t) will be

i (t) = i (0) e
− t

R on C AX 2 (24)

where i(0) can be found from Fig. 6 and it is given as

i (0) = iLin (0)− iLrp (0) . (25)

In (25), the initial values for iLin(0) and iLrp(0) are dependent
on the mode of operation, and their values change depending on
whether primary or secondary side switches are considered. In
this special case, the primary side series switches are considered,
and their switching happens around the time t2 at the end of mode
2 in Fig. 3. Therefore, the initial value for the resonant inductor
current is iLrp(0) = iLrp(t2), which comes from (11) and the
initial values for the input inductor current can come from (6)
as follows:

iLin (0) = iLin (t2) = I −ΔILin (26)

where I is the average of the input current that can be calculated
from the power transfer in (17) over the input voltage as I =
Pt/Vin. Therefore, by considering the initial conditions in (22),
the transferred charge to CAX2 capacitor is

qCAX 2
=

∫ ρ′
X 2Tsw

0

i (t) dt

= (iLin (t2)− iLr (t2))RonCAX2

(
1− e

− � ′
X 2

T sw

R onC AX 2

)
.

(27)

As can be seen from (27), the value of ρ′
X2 determines the

values of the transferred charge to CAX2 capacitor. By this
transferred charge from (27), the value ofCAX2 capacitor voltage
increases (ΔVCAX2

) is obtained as

ΔVCAX2
= qCAX 2

/CAX2. (28)

Therefore, by controlling the value of the gate-time delay
ρ′
X2, the values of CAX2 capacitor voltage can be controlled
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Fig. 7. Switching sequence for the IZCC with two series cells on the secondary
and primary sides.

in order to balance its voltage with the other series modules’
capacitor voltages. A similar analysis can be developed for other
series switches and the secondary side series switches. The same
concept and analysis can be driven by considering the duty cycle
as the parameter for doing AVB.

B. AVB for IZCC With Two Series Cells

This study controls the gate-time delay between the series
cells to do AVB. Fig. 7 shows the switching sequence for the
IZCC with two series cells shown in Fig. 1. There are eight
modes of operation, considering two series switches on the
primary and secondary sides. It is assumed that the deadtime
modes are negligible compared to the other main modes. In this
figure, as shown in Fig. 1. Gsp1, Gsp3, Gss1, and Gss3 are the
assigned gate signals for the Sp1, Sp3, Ss1, and Ss3 switches,
respectively. ρp1 is the gate-time delay between the top and
the bottom side gate signals for the switches at the primary
side between Gsp1, Gsp3 and their complementary switches.
ρs1 is the gate-time delay between the top and the bottom side
gate signals for the switches at the secondary side, between
Gss1, Gss3 and their complementary switches. The top-side
cell gate signals in both primary and secondary side switches
are considered the reference signal, and the ρp1 and ρs1 are
specified compared to the reference signals. ρp1 and ρs1 can
be positive or negative. This means the bottom side switch can
start switching before or after the top side switch, depending on
over- or undervoltage balancing. It is assumed that the bottom
side switches start switching after the top side switches in Fig. 7.
Fig. 8 shows modes of operation for the IZCC with two series
switches based on the waveforms shown in Fig. 7. Both the input
current and iLrp(t) are flowing in primary series cells. Also, both
the output current and iLrp(t) are flowing in secondary series

Fig. 8. Modes of operation for the IZCC with two series cells. (a) Mode1.
(b) Mode2. (c) Mode3. (d) Mode4. (e) Mode5. (f) Mode6. (g) Mode7. (h) Mode8.

cells. Therefore, it is essential to take these currents into account
in ZVS achievement and converter design.

C. AVB and ZVS Achievement

Besides achieving AVB, accomplishing ZVS is another
consideration that needs to be considered in the converter
operation. Three control parameters are taken into account to
reach both targets. The values of duty cycles come from the ZVS
conditions in (13)–(16). When utilizing the series connection
of the switches, the equivalent Coss capacitor from the series
connections is reduced, and the drain-to-source voltage on each
switch is divided by the number of series cells. Therefore, the
amount of the resonant inductor current to discharge the series
Coss capacitors on the series switches do not need to be as large
as those used on a single switch. Thus, the ZVS achievement
on series connections of switches is easier than that of a single
switch. However, the values of the duty cycles still need to be
adequately considered. After applying the proper values of the
duty cycles from the ZVS conditions, the AVB control balances
the voltage sharing by controlling the gate-time delay between
the series switches.

Controlling one of the gate-time delays or the duty cycle is
enough for the converter to achieve AVB, and it is not necessary
to control both at the same time because it makes the control
complex. Besides that, the total control system should be in such
a way that not only does it achieve AVB on series switches, but
it also needs to achieve ZVS on all the switches. Therefore, one
control parameter is considered to do AVB, which is gate-time
delay, and the other parameter is considered to achieve ZVS,
which is the duty cycle.
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Fig. 9. IZCC overall control mechanism by considering two series switches.

Fig. 10. ZVS achievement for the series switches before and after doing AVB.
(a) Before AVB. (b) After AVB.

Fig. 9 shows the overall control mechanism of the IZCC, con-
sidering two series switches by considering gate-time delays as
the control parameter for AVB. This figure shows that the control
sequence starts from the output voltage regulation (VR), and
the converter phase shift will be generated from the VR block.
The generated phase shift (ρt) is used in the ZVS constraints
block to specify the values of the duty cycles from (13) to (16).
Finally, the generated duty cycles are used in the primary and
secondary AVB blocks to generate the gate-time delay values for
primary and secondary side series switches. The duty cycles are
needed in the AVB block to specify the reference voltage values
for the AVB controls. The reference values for the primary and
secondary side switches are as (29) and (30) that they come from
(1) and (2), respectively. n is the number of series cells in each
primary and secondary side of the series switches.

RefP1 = RefP2 = . . . = RefPn = Vin/nd′
1p (29)

RefS1 = RefS2 = . . . = RefSn = VO/nd′
2s. (30)

As can be seen in Fig. 9, the value of the secondary side
gate-time delay (ρ′

S2) needs to be added to the converter phase
shift (ρt) because the whole secondary side switches signals
will be shifted based on ρt and therefore, ρ′

S2 also needs to be
shifted on top of it. Additionally, the summation is required to
avoid any coupling effect between the primary and secondary
sides switches because ρt and ρ′

S2 will be adjusted to avoid the
coupling effect as well.

By applying these measured values of the duty cycles to the
series-connected cells, there might be a loss of ZVS on some of
the series cells because of the mismatching of the gate signals.

Fig. 10 shows the ZVS condition before and after AVB on
series switches. This figure shows that the AVB helps achieve

ZVS on the switch SP3 in Fig. 10(b). As shown in Fig. 10(a), the
drain-to-source voltage on the switch SP3 (Vds_SP3) is higher
than that of the other series switch. Therefore, the switch’s Coss

in SP3 has received more charge, and it needs more time to
be discharged. Because of that, this switch loses ZVS, and by
losing ZVS, the unidirectional cell charge flows over multiple
switching cycles, which changes the auxiliary capacitor more
than the other series cells’ capacitors and makes the voltage
unbalancing worse. It can be seen in Fig. 8(b) that after doing
AVB, both the series switches achieve ZVS turn-ON without any
deadband adjustments.

V. CONVERTER AND CONTROL DESIGN

A. Converter Design

To design the converter, the power transfer to the output
needs to be considered. Power transfer can be found as (17)
by assuming ideal voltage balancing between series cells in
IZCC. Proper converter operation relies significantly on key
parameters, such as the resonant inductor current. The value
of the Lrp is the main parameter in the power transferring and
achieving ZVS. In the IZCC converter, the minimum required
power transfer needs to be considered for specifying the value
of the Lrp to achieve ZVS and the lowest circulating current.
Therefore, the minimum condition for Lrp can be obtained using
(17) as follows:

Lrp >
VinVoTswp

2Pmin

(
2ρt + dP1 + dS1 − 1− ρ2

t

d′
P1d′

S1

)
(31)

where Pmin is the minimum required to transfer power. Consid-
ering this condition, the ZVS situation will happen in all the
power ranges.

As shown in the ZVS conditions from (13) to (16), the
input and output currents need to have ripple to help achieve
ZVS. The ripple should be lower than the average value of the
input or output inductor currents to avoid circulating current in
the converter. Therefore, the minimum required power transfer
needs to be considered to specify the average value of the
input and output inductor currents. Then, the required inductor
values will be determined. The critical value for the ripple at
the minimum power could be equal to the average value of the
current. Therefore, the input and the output inductor ripples can
be specified using the following equations:

ΔILin = Iin =
Pmin

Vin
(32)

ΔILo = Io =
Pmin

Vo
. (33)

The blocking and auxiliary capacitors (CAP1, CAP2, CAS1,
CAS2, Cb1, Cb2) resonate with Lrp during each switching cycle,
and their values should be specified so that their resonance
frequency is far from the switching frequency to ensure the
resonant inductor current is linear during switching modes. The
resonance frequency can be about ten times lower than the
switching frequency.
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Fig. 11. Control diagram for IZCC with two series switches. (a) Global control
is used to generate phase shift and duty cycles. (b) Local controls to do AVB
for the primary and secondary side series switches. (c) PWM block to generate
PWM signals for switches.

B. Control Design

Fig. 11 shows the control diagram with details for the IZCC
with two series switches from Fig. 1. As shown in this figure,
there are two global and local control systems. The converter
phase shift (ρt) is controlled in the global control system in
order to regulate the output voltage, as shown in Fig. 11(a).
The power transfer in the IZCC is mainly related to the ρt [24]
and therefore, to do output VR, ρt needs to be controlled. Vo is
compared with a reference value, and in the VR block, the error is
compensated by a proportional integrator (PI) compensator, and
then, ρt is generated. In [31], large- and small-signal modeling
of the converter is proposed for the VR.

After generating ρt, it is used in the ZVS constraints block
to generate the duty cycles for the primary and secondary side
series switches. The ZVS block is also under global control
because the duty cycles are not changed in the AVB controls in
this article, as mentioned before. One duty cycle is assigned to
the primary side series switches, which is d1p and one duty cycle
for the secondary side switches, and it is d1s. After specifying the
primary values for the phase shift and the duty cycles from global
control, the AVB blocks do the voltage balancing individually
based on these primary values from the global control.

The local control system achieves AVB for the series cells in
both the primary and secondary sides, as shown in Fig. 11(b).
This figure shows that each cell can balance the voltage sharing
by controlling the gate-time delay. As can be seen, the second
cell is doing AVB for both primary and secondary side series
cells in the local control. The first cell will automatically balance
the voltage when the second cell properly does the AVB. The
input and output voltages are almost constant values, and the
first cell voltage will be balanced when the second cell properly
does the AVB for both the primary and secondary side series
cells. Therefore, there is no need to control the AVB for the first
cell, which helps in reducing the number of control systems for
the AVB blocks. The reference values of the local control part
(RefP2, RefS2) are obtained using (34) and (35), which can be
derived from (29) and (30) when n = 2 in those equations. Thus,
the feedback voltage is compared with the reference, the error
is compensated using a PI compensator in each AVB block, and
then, the needed gate-time delay is generated.

RefP2 = Vin/2d′
1p (34)

Fig. 12. PI control parameters tuning for AVB blocks.

Fig. 13. Effect of the generated gate-time delay and duty cycle on the PWM
generation in series switches for the primary-sided series switches. (a) Gate-time
delay effect. (b) Duty cycle effect.

RefS2 = VO/2d′
2s. (35)

Proper tuning of the PI control parameters ensures accurate
voltage balancing. Fig. 12 shows the voltage imbalance across
the primary or secondary side series auxiliary capacitors (ΔVCAP

orΔVCAS) depending on the PI controller gains Kp (proportional
gain) and Ki(integral gain) for the AVB blocks. The surface
shows the effect of proper tuning of Kp and Ki on balancing the
voltage sharing. The zoomed area shows the effective operation
area of the controller.

Fig. 13 shows the effect of the generated gate-time delay and
duty cycle from the AVB control block on PWM signals for
the primary side series switches. The same effect will happen
on the secondary side series switches from the AVB control
blocks. As can be seen in Fig. 13(a), the effect of the gate-time
delay is on the sawtooth carrier and the sawtooth carrier for
the SP3 PWM signal is shifted as much as generated ρ′

P2Tswp

value which is generated from the AVB control. Therefore,
the duty cycle is fixed for both PWM signals and only shifts
based on the generated gate-time delay value. Fig. 13(b) shows
that the sawtooth carrier is fixed for both PWM signals for the
series switches, and the AVB controller changes the duty cycle
comparator (CMP) level to change the value of each block’s duty
cycle.

Fig. 14(a) shows the auxiliary capacitor voltage sensing for
doing the AVB. The circuit is simple, and it contains an isolation
amplifier, a differential amplifier, and a low-pass filter. A low-
pass filter must be appropriately designed to avoid the effect of
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Fig. 14. Auxiliary capacitor voltage sensing and control for the AVB.
(a) Hardware part of the voltage sensing. (b) MCU blocks and software parts.

TABLE I
IZCC DESIGNED PARAMETERS

electromagnetic interference (EMI) noise from PWM signals
or other parts of the converter on the AVB feedback signal.
Its location needs to be close to the microcontroller (MCU) to
reduce the effect of the noise on the signal route.

Fig. 14(b) shows the operation and control implementation
of the MCU. It starts with an analog-to-digital (ADC) block to
sample the signals from the feedback voltages at each sampling
time. The sampled signal from the ADC is compared with a
reference value (Refx) coming from (34) or (35) and the error
(e(k)) is generated. The integral and proportional actions are
computed at each control cycle in the PI controller block, and
the updated gate-time delay (ρ′

x) is computed. It is multiplied by
Tswp and the outcome is used in the enhanced PWM (EPWM)
to generate the PWM signal. The EPWM needs the duty cycle
and Tswp also to generate the PWM signals. Fig. 13 describes
the process of generating PWM signals (34).

VI. HARDWARE RESULTS AND COMPARISON

A. Hardware Setup and the Waveforms

A 3.1-kW hardware prototype has been developed based
on the specification in Table I, with a hardware setup shown
in Fig. 15. The values for dP1, dS1, and ρt in Table I are
the experimental values. As mentioned, the output voltage is
regulated by controlling ρt. This value was around 0.01 at low
powers, increased in higher powers, and was around 0.06 at
full-load power. The values of dP1 and dS1 are considered based
on the ZVS conditions in (13)–(16), and in the hardware, they
are specified such that they achieve ZVS for all the switches. At
low powers, the value for dP1 was around 0.53, and at higher

Fig. 15. Hardware setup for the IZCC with series switches containing
1) computer for programming, 2) auxiliary DC power supply, 3) oscilloscope,
4) power analyzer, and 5) IZCC with series switch cards.

powers, it increased and went to 0.56 at full power. dS1 value
was found to be 0.46 at low powers and it increases to 0.48 at
full load.

Fig. 15 shows the IZCC boards with series switches. In this
design, there are three types of PCB boards. The first board is
the motherboard on which the other boards and the magnetics
are mounted. The second board is the switch card, which con-
sists of two switch cards. Each card contains four top cooling
gallium nitride (GaN) switches from Infineon and is identified
by the part number GS66516T. GaN switches are attractive in
high-frequency operations because of their fast transition speeds,
compact size, and lack of reverse recovery losses. The third
board is the Texas Instruments (TI) microcontroller (MCU)
board with part number TMS320F28379D that generates the
PWM for the GaN switches.

Fig. 16 shows the balancing voltage status on the series
switches at the primary and the secondary side switches for SP1,
SP3, SS1, and SS3. The voltage balancing on the complementary
switches SP2, SP4, SS2, and SS4 can be deducted when the main
switches operate in a balancing situation. As shown in Fig. 16,
the switches balance the voltage, and the switches drain to source
voltage on the series switches are close together. This figure
shows that the proposed control system can balance voltage
sharing on the series switches. The voltage imbalance ratio for
different values of the powers was less than 2%.

Fig. 17 shows the simulation results of the AVB operation
in IZCC with two series switches. The simulation situation is
like the hardware situations in Fig. 16. As can be seen, the
simulation results are close to the hardware results regarding the
AVB operation, and the voltage sharing on the series switches
is also properly balanced in the simulation.
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Fig. 16. Voltage balancing status in IZCC with series switches. Yellow:
VdsSP1 . Green: VdsSP3 . Blue: VdsSS1 . Orange: VdsSS3 . Red: iLrP (t). Navy blue:
iLo (t).

Fig. 18 shows the ZVS turn-ON realization on the series
switches. Fig. 18(a) and (c) show the ZVS realization on the
primary side series switches for both the main and complemen-
tary switches. Fig. 18(b) and (d) shows the secondary side series
switches for both the main and complementary switches. As
shown, both series switches on the primary and the secondary
side switches in the main and complementary switches achieve
ZVS.

Fig. 19 shows the ZVS status of the series switches in two
situations, without doing AVB in Fig. 19(a) and with doing AVB
in Fig. 19(b). As shown in this figure, one of the series switches
(SP3) has not achieved ZVS without AVB because of gate signal
mismatching and a higher value of the drain to source voltage.
But after doing the AVB, the gate signals for the series switches
are adjusted so that ZVS is achieved for both series switches,
and the voltage on the series switches is balanced. This figure
shows the effect of the proposed control on achieving both AVB
and ZVS.

Fig. 20 shows the effect of the deadtime on ZVS and AVB
achievements on the primary side series switches in different

Fig. 17. Simulation results for the operation of the AVB in IZCC with two
series switches.

Fig. 18. ZVS turn-ON status for the series switches on the primary and the
secondary sides. ZVS for (a) SP1 and SP3, (b) SS1 and SS3, (c) SP2 and SP4,
and (d) SS2 and SS4.

Fig. 19. ZVS turn-ON status for the series switches under two scenarios:
(a) without AVB and (b) with AVB.
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Fig. 20. Effect of deadtime changes on ZVS and AVB achievement for the
primary side series switches. Red: Drain-to-source voltage for SP1. Yellow:
Drain-to-source voltage for SP3. Blue: Gate-to-source voltage for SP2. Green:
Drain-to-source voltage for SP2. Navy blue: Drain-to-source voltage for SP4.
Purple: Gate-to-source voltage forSP1. (a) 80 ns deadtime. (b) 120 ns deadtime.
(c) 160 ns deadtime.

Fig. 21. Measured the efficiency curve at different load powers.

deadtime values from 80 to 160 ns. The same situation happens
for the secondary side series switches by changing the dead-
times. In this figure, there is no AVB control on the switches
and only the deadtime change. As can be seen, a lower amount
of deadtime in Fig. 20(a), there is no ZVS on the switches,
and by increasing the deadtime to 160 ns in Fig. 20(b), the
ZVS is achieved on the switches. Therefore, deadtime variations
are effective in achieving ZVS. However, the changes in the
deadtime do not impact the voltage sharing between the series
switches, and as shown in the figures, the voltage difference
between the series switches is always 180 V.

Fig. 21 shows the efficiency curve across various power levels
when Vin = 450Vdc and Vo = 500Vdc. The converter achieves
this efficiency curve at high-frequency operation and high-value
power. The magnetic core and turn-OFF switches dominate at
lower powers and affect efficiency. At higher powers, efficiency
increases, and the conduction losses limit it due to the increase
in the current value of the switches and the magnetic windings’
conductivities. The peak experimental efficiency of the IZCC
with series switches, as shown in Fig. 1, with the experimental
hardware shown in Fig. 15, is found to be 97.18% at 2589 W
load power. This is consistent with the efficiency of an IZCC
without a series switch, as shown in Fig. 2 [24].

B. Dynamic and Start-Up Responses

Fig. 22 shows the IZCC with series switches’ dynamic re-
sponse to the load changes with a constant input voltage.

Fig. 22. Dynamic response for the IZCC with series switches to change the
load with a constant input voltage value. Green: drain-to-source voltage forSp1.
Red: drain-to-source voltage for Sp3. Blue: drain-to-source voltage for SS1.
Purple: drain-to-source voltage for SS3. Yellow: output voltage. Navy blue:
resonant inductor current. (a) Changing the load from 50% load to full load.
(b) Changing the load from full load to 50% load.

Fig. 23. IZCC with series switches start-up response from Vin = 80 V to Vin=
450 V. Red: auxiliary capacitor voltage for cell Cp1 (VCAP1). Green: auxiliary
capacitor voltage for cell Cp2 (VCAP2). Blue: auxiliary capacitor voltage for
cell CS1 (VCAS1). Purple: auxiliary capacitor voltage for cell CS2 (VCAS2).
Yellow: input voltage. Navy blue: resonant inductor current.

Fig. 22(a) shows a change in the load from 50% to full load. As
shown in this figure, the output voltage can be regulated in less
than 1 second, and the primary and secondary series switches
can balance their voltage sharing. The primary series switches
can balance their voltage sharing quickly. That is because the
input voltage is constant, and in the AVB control, the primary
cell reference voltage, which is related to the input voltage from
(34), is constant, and because of that, the primary switches are
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TABLE II
COMPARISON BETWEEN AVB IN IZCC WITH THE OTHER APPROACHES

able to balance their voltage quickly. But for the secondary series
switches, the voltage reference control for AVB depends on the
output voltage from (35). Therefore, the reference control for the
secondary AVB is varied during the transient, and the voltage
sharing is balanced after the output voltage is regulated. Thus,
the secondary AVB takes longer than the primary side voltage
balancing.

Fig. 22(b) shows the dynamic response from Full load to 50%
load. As can be seen, the output voltage can be regulated, and
as mentioned, the primary side series switches voltage sharing
is able to be balanced earlier than the secondary side series
switches voltage sharing.

Fig. 23 shows the IZCC with series switches response during
the start-up when the input voltage increases from 50 to 450 V.
As can be seen, the voltage sharing on the auxiliary capacitors
between the series cells can be balanced for both primary and
secondary side cells during the start-up. Therefore, the voltage
sharing for the series switches will be balanced when the auxil-
iary capacitor voltages are equal in the series cells.

C. Comparison

Table II compares the proposed AVB in IZCC with the other
voltage balancing approaches. This table shows that the AVB on
IZCC is able to balance the voltage sharing on series switches
using a simple control system and with the lowest extra hardware
components, besides achieving ZVS turn-ON on all switches and

a low voltage imbalance ratio in high switching frequency. The
scalability in this table shows how easily the voltage balancing
approach can be expanded to handle a larger number of series
switches or modules. As the proposed AVB on IZCC is cellular,
it can be expanded linearly to higher numbers of series modules.

The flexibility shows the ability of the proposed AVB on
IZCC to adapt to different conditions and requirements without
needing a complete redesign. In Table II, the ability of the voltage
balancing in transient responses, requiring special hardware,
high frequency, soft switching, and degrees of freedom in con-
trolling the voltage balancing, is considered to compare. The
IZCC can do AVB in different load conditions and transient
conditions at high frequency. It does not require any specific
hardware to work, and the hardware can be implemented us-
ing different approaches. Compared to the other references,
it has two degrees of freedom of control when doing AVB.
The proposed approach in [21] operates at high frequency, but
the approach can do the voltage balancing by adjusting the
duty cycle without considering soft switching on the switches.
Because of that, it is considered less flexible than the proposed
AVB on IZCC. The approach in [14] can operate between 20
and 80 kHz frequencies. Still, the reference has not shown any
transient response for the approach, and this limits the flexibility
of this approach to medium to low rank.

The complexity level is defined by considering sensing signals
per device, extra hardware components, control algorithm type,
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type of utilized microcontroller, and update rate versus switch-
ing frequency. The complexity level for the passive voltage
balancing in [12] is low because it does not need any voltage
sensing or a microcontroller to do voltage balancing. The utilized
microcontroller in [16] and [23] is a field-programmable gate
array (FPGA). Those works operate in low frequencies (under
100 kHz) and have more hardware components, which makes
them highly complex voltage balancing controls. The approach
in [21] can be ranked as medium to high because each switch
needs an extra auxiliary circuit, which contains a capacitor in
series with a switch, making it more complex than AVB on IZCC.
Because the active clamp circuit in IZCC is a part of the topology,
it is not considered an auxiliary circuit for voltage balancing.

The voltage imbalance ratio of the IZCC with series switches
is lower than that of the other references and is comparable to the
results in [16], which demonstrates the accuracy of the proposed
approach in this article. Furthermore, the other studies have not
reported the efficiency.

VII. CONCLUSION

This article has introduced an efficient and cellular AVB
control strategy for series switches in an IZCC to efficiently do
AVB with a simple control system without additional circuitry in
a high switching frequency operation. Based on the converter’s
model, the ZVS conditions are specified to efficiently design
the converter. The proposed control system balances the series
switches’ drain-to-source voltages by controlling the small gate-
time delay between the gate signals of the series switches in
both primary and secondary sides of the cells, besides helping
achieve ZVS turn-ON on the series switches. It also regulates
the output voltage by controlling the converter phase shift. The
article demonstrated two degrees of freedom to achieve AVB in
IZCC: the duty cycle and gate-time delay. There is no need for
both control parameters to be utilized in AVB simultaneously
because it makes the control parameter complex. Therefore, the
gate-time delay is considered to control voltage balancing, and
the duty cycle is assigned so that the IZCC achieves ZVS on
all the switches. Thus, achieving voltage balancing and ZVS
with a simple system without additional circuitry has made the
work novel. Considering its efficiency and simplicity, this work
is flexible enough to be scaled to higher voltage applications
with more series cells. Potential improvement from this work
could be utilizing only one control parameter to do both ZVS
and AVB to simplify the control system. The idea was validated
in an experimental prototype with 3.1 kW power and achieved
an efficiency of 97.18% at 150 kHz switching frequency.
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