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Capacitance Minimization and Constraint of CHB
Power Electronic Transformer Based on Switching
Synchronization Hybrid Phase-Shift Modulation
Method of High Frequency Link

Yuzhuo Pan"”, Jiaxun Teng

Abstract—For the power electronic transformer based on
cascaded H bridges with single inductor quad active bridge
(SIQAB), this article proposes a submodule (SM) capacitance
minimization scheme based on switching synchronization hybrid
phase-shift modulation (SSHPSM) of high frequency link. Under
SSHPSM, the primary side of SIQAB-stage operates in switched-
capacitor mode to realize the automatic elimination of the second-
order-frequency voltage ripple of SM capacitor without complex
control, which helps to reduce the capacitance of SM and improve
the power density of the system. The principle of low-frequency
ripple transfer and cancellation is analyzed from the perspective of
electric and magnetic coupling, and it shows that the scheme is still
applicable under the influence of the nonideal factors. The power
losses distribution and efficiency of dc—dc-stage and the capacitance
constraints of SM are carried out. Furthermore, the operation
feasibility of the proposed scheme in the case of the typical critical
conditions are evaluated, including the low-frequency operation
for motor drive and the fault ride-through ability of three-phase
voltage asymmetry for grid-tied conditions. Finally, the proposed
scheme is verified by simulation and experiment.

Index Terms—Capacitance minimization, cascaded h bridge
(CHB), power electronic transformer (PET), single inductor quad
active bridge (SIQAB), synchronization modulation.

NOMENCLATURE
PET Power electronic transformer.
CHB Cascaded H bridge.
QAB Quad active bridge.
SIQAB Single inductor quad active bridge.
HFL High frequency link.
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Sum of the external inductance and the equiva-
lent leakage inductance.

External inductors under traditional scheme.
Leakage inductance of HFT primary side of
SIQAB.

Difference between L., and LTy, L.
External inductor of HFT secondary side of
SIQAB.

Phase angle of QAB primary side under
traditional modulation method.

Phase angle of QAB secondary side under
traditional modulation method.

Phase angle of SIQAB primary side under
SSHPSM method.
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Switching function of SM.
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Three-phase positive- and negative-sequence
voltage modulation ratios.

Fundamental angular frequency.
High-frequency switching angular frequency of
SIQAB.

Fundamental frequency.

Switching frequency of CHB.

Switching frequency of QHB and SIQAB.
Power factor angle.

Initial phase angle of phase-x.

Initial phase angles of the three-phase positive-
and negative-sequence U, .

Initial phase angles of the three-phase positive-
and negative-sequence I, ™.

SM capacitor voltage ripple coefficient.

SM capacitor impedance.

HFT leakage inductance impedance.
Equivalent input impedance of phase-x.
Primary side three port winding of SIQAB.
Secondary side winding of SIQAB.

Magnetic flux covered by the primary winding.
Magnetic flux flowing through the gap between
the primary windings.

Magnetic reluctances corresponding to the
D123

Magnetic reluctances corresponding to the
Dy 23.

Leakage magnetic reluctances.

Magnetomotive force of the primary side wind-
ing.

Magnetomotive force of the secondary side
winding.

Primary side winding turns.

Charging energy of SM capacitor.

Duty cycle of the switch in the SM full-bridge.
Switching time voltage.

Switching time current under traditional modu-
lation and SSHPSM method.

Time intervals during switching ON and OFF.

Top Second-order-frequency cycle.

LimsT, P Rms currents under traditional and modulation
SSHPSM method.

Rps Conduction resistance.

1. INTRODUCTION

N RECENT years, cascaded H bridge power electronic trans-

former (CHB-PET) is researched deeply in the field of motor
drive and smart grid as it is modular highly, easy to expand and
friendly for redundant operation [1], [2], [3]. In 2009, single-
phase CHB-PET was proposed to enable active management of
distributed renewable energy resources, energy storage devices,
and loads [4]. The single-phase CHB-PET consists a cascaded H
bridge ac—dc rectifier, and a dual active bridge (DAB) converter
with a high-frequency transformer (HFT), which the front end
connects to the SM of the ac—dc rectifier and the output port
is connected in parallel to form the low-voltage dc (LVdc) bus.
X. Wang et al. [5] proposed a three-phase CHB-PET, as shown
in Fig. 1(a). Li et al. [6] took the QAB converter as a basic
module to provide a solution, as shown in Fig. 1(b), which
can reduce the number of HFTs, and, which also maintain the
merit of electromagnetic interference. The CHB-PET requires
a larger capacitance to suppress the second-order-frequency
voltage ripple in the submodule (SM) of the CHB-stage, which
reduces the power density of the system, and increases the cost of
the system [7]. Thus, reducing the capacitance of CHB-stage SM
is of great significance to the practical engineering application
of CHB-stage, and the main methods of capacitance reduction
include hardware filter and software suppression.

The schemes of hardware filter include large size SM ca-
pacitance and adding LC secondary resonance filter [8], [9],
[10]. These schemes are simple and effective; however, volume
and cost will be increased. Software method can be realized
by the following two method. 1) The third harmonic injection
strategy is often adopted in modulation voltage of SM to elim-
inate the second-order-frequency harmonic of CHB-stage [11],
[12]. However, the optimal amplitude and phase of the injected
harmonic required to be calculated, which will consume a lot
of controller resources. 2) The ripple-power transfer strategy is
used to decouple the ripple-power from the SM capacitor based
on SM cascaded dc—dc converter [6], [13], [14], [15]. However,
to control the ripple currents or powers the regulator should
be designed carefully and corresponding dynamics disturbance
could not be canceled. Hu et al. [11] proposed a third har-
monic injection method based on zero-sequence component of
fundamental frequency to avoid overmodulation and minimize
the capacitor voltage ripple. Hu et al. [12] further derived the
optimal phase and amplitude of the third harmonic voltage to
minimize the current stress and reduce the voltage ripple of
the SM capacitor. Xiao et al. [13] proposed a ripple-power
control loop of dc—dc-stage to suppress SM capacitor voltage
ripple. In [14], the dual active bridge (DAB) transferred the
second-order-frequency reactive power to the common LVdc
bus and canceled it to eliminate the voltage ripple of the SM
capacitor with negligible effect on the voltage ripple at LVdc
link. Isobe et al. [15] proposed a control method of synchronous
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Fig. 1. Traditional CHB-PET topology. (a) CHB-DAB topology.

(b) CHB-QAB topology.

instantaneous power of the ac—dc rectifier, and thereby the
second-order-frequency component applied to the capacitors
between the ac—dc and dc—dc converters could be canceled. The
power decoupling control strategy achieved by the ripple-power
control of dc—dc stage is also studied in [6], which can also
eliminate the influence of asymmetric parameters.

This article proposes a capacitance minimization scheme to
eliminate the second-order-frequency voltage ripple of the SM
capacitor of the CHB with single inductor quad active bridge
(CHB-SIQAB) scheme shown in Fig. 2, which is characterized
by as follows.

1) The automatically transfer of ripple-current is based on
synchronization modulation of primary side full bridge
switches of SIQAB-stage and three-phase SM formed
switched-capacitor circuits and the design of small leakage
inductance of transformer primary sides, without addi-
tional hardware filtration, and complex control strategy.

2) The low-frequency ripple is eliminated based on the three-
phase symmetry. Compared with the traditional large ca-
pacitance scheme, the SM capacitor volume is reduced by
85% and the cost is reduced by 85.6%.

3) The scheme is still applicable under some nonideal con-
ditions including the influence of the nonideal switch

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 5, MAY 2023

_______________________________

—————e——=t —_—_ _ _ e —===——=_

LVDC

T

T

Fig.2. CHB-SIQAB topology under the capacitance minimization scheme.

synchronization signal caused by hardware factors and the
leakage inductance inconsistency in HFT. It can still work
well in the low-frequency operation for motor drive condi-
tions and has the fault ride-through ability of three-phase
voltage asymmetry for grid-tied conditions.

The rest of this article is organized as follows. In Section I1, the
traditional large capacitance scheme and the large capacitance
constraint are given. In Section III, the capacitor minimiza-
tion scheme is proposed, the principle of ripple transfer, and
cancellation is analyzed and the system loss and capacitance
minimization effect are also demonstrated. In Section IV, the
influence on the characteristics of switched-capacitor circuits
under the practical nonideal conditions is further analyzed. In
Section V, the operation feasibility of the proposed scheme in the
case of the typical critical conditions are also evaluated, includ-
ing the low-frequency operation for motor drive conditions and
the fault ride-through ability of three-phase voltage asymmetry
for grid-tied conditions. In Section VI and VII, simulation and
experimental results are provided to validate the theoretical
analysis and control methods. Finally, Section VIII concludes
this article.

II. CAPACITANCE CONSTRAINT FOR CHB-PET UNDER
TRADITIONAL PHASE-SHIFT CONTROL OF QAB-STAGE

A. Traditional Control Strategy of CHB-PET

The traditional CHB with quad active bridge (CHB-QAB)
topology is shown in Fig 1(b), and its traditional control dia-
gram, QAB circuit, equivalent model and modulation method
are shown in Fig 3(a)—(d). Fig. 3(a) is the control diagram of
CHB-stage in which the SM capacitor voltage average value
UC-avg 18 taken as the feedback to stabilize SM capacitor voltage.
Besides that, a SM capacitor voltage balancing strategy is added,
where uc is the SM capacitor voltage.

Fig. 3(b) shows the traditional phase-shift control diagram of
the QAB-stage including the LVdc bus voltage outer loop and
the power balancing loop, which regulates the power transferred
from the primary side to the secondary side through different
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Fig. 3. Control and modulation strategy of traditional CHB-QAB. (a) CHB-
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phase shifts according to [16] and [17]

Nupusg

o . (;pr,s
P = oL s (1 e ) : (1)

In (1), N is the transformer ratio, u;, and us are the primary
and secondary side voltages of the transformer, respectively,
fq is the switching frequency of QAB-stage. In high-power
low frequency applications, the inductor cannot be provided
by the leakage inductance, so the additional inductance needs
to be added and L.q is the sum of the external inductance
and the equivalent leakage inductance. The QAB-stage circuit
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and the SM capacitance impedance.

and equivalent model under this control strategy are shown in
Fig. 3(c) and (d), where u,, and i,y are the HFT voltages and
currents, Ly, Lpb, and Ly, are external inductors set on the
primary sides of the HFT. The power flowing between primary
and secondary ports is controlled by the phase-shift modulation,
the diagram of which is shown in Fig. 3(e), where ¢,y is
the different phase-shift under the control strategy shown in
Fig. 3(b).

B. Traditional Capacitance Constraint of SM

Under the traditional phase-shift modulation method shown
in Fig. 3(b)—(e), the input impedance comparison between
QAB-stage and SM capacitor at the second-order-frequency is
shown in Fig. 4 under the operation conditions in Table IV.
It can be seen that the QAB-stage input impedance at the
second-order-frequency is greater than the impedance of the
SM capacitance, so the second-order-frequency ripple-current
is mainly absorbed by the SM capacitor and generates voltage
ripple. In order to suppress the ripple within a certain range,
the large SM capacitance is needed but it will increase the
volume of the system and reduce the power density of the system.
Alternatively, the ripple-power transfer strategy can be used to
transfer the second-order-frequency ripple to the dc—dc-stage to
decouple with SM capacitors according to [6], [13], [14], and
[15] but it is usually complicated.

Without considering additional complex control, the capaci-
tance constraint of the required large capacitance are as follows.
The charging current of the SM is expressed as

isMx = Si * Ix
= gsin (wt 4 Ox) - Igsin (wt — @ + 0y) 2)

where ignix 1S the charging current of SM capacitor, s; is the
switching function of SM, i,(?) is the phase-x current (x =
a, b, ¢), g is the voltage modulation ratio, /5 is the phase-x
current amplitude, w and ¢ are fundamental angular frequency
and power factor angle, 6,(x = a, b, ¢) is the initial phase
angle of each phase, where 0, = 0, 0, = —27/3, 0. = 27/3.
The ignx is further expressed, as shown in (3), which contains
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TABLE I
SM CAPACITANCE OF CHB-STAGE AT DIFFERENT POWER LEVELS

The CHB-PET Grid SM voltage SM
Reference power rating Voltage ” 'lk\%) capacitance
(Phase: IMW) (Vbase:10kV) base: (Crase: ImF)
[17] 0.5p.u. 0.33p.u. Ip.u. 3.3p.u.
[18] 1p.u. 1p.u. 0.8p.u. 2.5p.u.
19 2.25p.u. Ip.u. 3p.u. 4.7p.u.
P p p p

the dc component igyx.de and the second-order-frequency ac
component isnix_ac, Where the specific expression of ignix_ac 1S
shown in (4)

ISMx = ISM_dc T LSMx_ac

I I
= 29 cos p — 79 cos (2wt — p + 20y) 3)
isMa_ac = — 352 cos (2wt — )
ISMb_ac = — Igg cos (2wt — p + 27/3) 4)
iSMc_ac = —Igg cos (2wt — p — 2m/3) .

The three-phase symmetrical ripple-current igyix.ac Shown in
(4) will cause voltage ripple of SM capacitor, which need to
be absorbed by a larger capacitance, so the constraint of the
CHB-stage SM capacitance can be obtained from [14]

o> _19
~ A7 freuc

&)

In (5), cu. is the allowable peak-to-peak value of voltage
ripple of SM capacitor, ¢ is the SM capacitor voltage ripple
coefficient, and fr is the fundamental frequency. In practical
applications, the large capacitance limits the improvement of
power density of the system. Table I shows the SM capacitance
as per unit value of traditional CHB-PET at different power
levels under the traditional control strategy.

III. CAPACITANCE MINIMIZATION SCHEME BASED ON
SWITCHING SYNCHRONIZATION HYBRID PHASE-SHIFT
MODULATION OF SIQAB-STAGE

A. Switching Synchronization Hybrid Phase-Shift Modulation
of SIQAB-Stage

For the purpose of low-capacitance minimization design
of CHB-PET, the capacitance minimization scheme based on
switching synchronization hybrid phase-shift modulation (SSH-
PSM) method is proposed in this article. The CHB-stage still
adopts the control strategy shown in Fig. 3(a), the change of
dc—dc-stage circuit in Fig. 2 is shown in Fig. 5(b), and its
equivalent circuit is shown in Fig. 5(c). There are no external
inductors on the primary side of the transformer, and only the
external inductor Lg on the secondary side of the HFT achieve
power transfer. This structure is defined as SIQAB, and its
control strategy block diagram is shown in Fig. 5(a). Only LVdc
control loop is adopted, and the SSHPSM modulation method
is shown in Fig. 5(d). Under SSHPSM, the phase-angles of the
three full-bridges modulation signals on the primary side are
all ¢rp, and the phase angle on the secondary side is ¢rpr,
hence, the phase-shift angle is ¢ = ¢rp - ¢rFpL, the active power
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(d) SSHPSM modulation method.

transfer between the primary and secondary sides is controlled
by phase-shift modulation.

With the proposed SSHPSM method, in a switching cycle
of SIQAB-stage, there are two steady-state stages 7 and To.
During T, and T», the equivalent model of high frequency link
(HFL) established by the three-phase SM capacitors of CHB-
stage and primary side H-bridges of SIQAB-stage is shown
in Fig. 6. It can be seen the three-phase SM capacitors are
interconnected by the full bridges with their transformer primary
windings of SIQAB-stage in each half duty cycle and form the
switched-capacitor circuits, so the primary side of SIQAB-stage
operates in switched-capacitor mode, as shown in Fig. 7, the
three-phase SMs are equivalent connected in parallel and their
voltages are same at the end of the half duty cycle, which is de-
fined as voltage clamp. Based on the characteristics of switched-
capacitor circuits, the transfer and cancellation process of low-
frequency ripple will be analyzed in the following sections.

B. Transfer Analysis of Low-Frequency Ripple by SSHPSM
With Circuit Model

In the switched-capacitor circuits equivalent model, as shown
in Fig. 7, three-phase SM capacitors are equivalent connected in
parallel in each high-frequency half duty cycle, the three-phase
SM capacitor voltages are clamped each other and tend to
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be consistent. The uryq. is the LVdc bus voltage, K is
the SIQAB-stage voltage conversion gain. Neglecting the
switching-frequency components of igniy, the CHB-stage can
be equivalent to a current source, which is composed of a dc
current source superimposed with an ac current source, and the
SM charging current igyy consists of the dc component igyix-dc
and ac component ignix.ac. For the dc component ignix_de, the
SM capacitance impedance tends to infinity, so the dc power
is transferred to the LVdc bus according to the control strategy
shown in Fig. 5(a). For the ac component igyix_ac, the specific
analysis of the ripple-current transmission process is as follows;
in practical application, the transformer has leakage inductance,
considering the influence of leakage impedance, the switched-
capacitor circuits are shown in Fig. 8, where Cy, Zc are the SM
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capacitance and the capacitance impedance of the CHB-stage,
and Zcx = 1/jwCy. L1y and Zpy are the transformer leakage
inductance and the inductance impedance of the SIQAB-stage
primary side, and Zyrx = jwL1. Defining set P = {a, b, c} and
X, y, z€P, then the equivalent input impedance of the phase-x
of SIQAB-stage is defined, as Z., shown in (6), at the bottom
of this page, which includes the Zrr« of phase-x and Zc, and
Zyy of the other two phases. The ripple-current flowing into
the SM capacitor and SIQAB-stage are defined as icx_ac and
iQx-ac, respectively. According to the relationship between Zcy
and Zgy, icx-ac and iqy.ac can be expressed as (7)

7;Sfoac = Z'foac + Z.Qxfac
Z‘foac - Z‘Sfoac : Zex/ (ZCx + Zex) (7)
Z.Qx—ac = iSMx—ac : ZCX/ (ZCX + Zex) .

For Fig. 8, taking phase-x as an example, ignix_ac Of the other
two phases is set to be open circuits, iqQx-acy i the currents
flowing into other two phases from the equivalent ac current
SOUTCE iQyx-ac, Which can be expressed as

1Qx—ac = ZyeP,y;ﬁx 1Qx—acy

, (3)
Z'Qx—acy = %7Z 7é Yy 7é X.

Taking phase-a as an example, according to the superposition
theorem, the response of i, is equal to the algebraic sum of
the response of icaac, iQb-aca AN iQc-aca Dy considering the
equivalent ac current sources of phase-a, b, and ¢, which can be
expressed as

Z.Ca = Z.Ca—ac + in—aca + Z'Qc—aca

_ isMa—acZea | sMb-acZcb Zire + Zee
ZCa + Zea ZCb + Zeb ZLTa + ZLTC + ZCa + ZCC
isMe—acZce Ziro + Zep ©)
Zee + Zee  Zita+ Zumo + Zea + Zew

Assuming the parameters of the SM capacitance and leakage
inductance of HFT are consistent, that are, Zc, = Zcp, = Zce =
1/jwC, Zyra = Zyrv = Zyre = jwLT, then (9) can be rewritten
as (10) combined with (4)

1

— . (10)

Z-Ca = Z-Cafac + infaca + chfaca = Z.SMafac 1
+ w2 L1 C

It can be seen from (10) that the ripple-current cannot com-
pletely decouple with the SM capacitors due to the leakage
inductance, but the leakage inductance can be reduced in design
to minimize the influence. Therefore, the leakage inductance of
the HFT of SIQAB-stage is designed to be as small as possible so
that the i, approaches zero, which means that the ripple-current
isMx-ac 18 completely decoupled with the SM capacitor and
transferred to the primary side of HFT of SIQAB-stage based
on the low impedance characteristics of equivalent connected

ZSX -

o ZLTX ZyEP,y#x (ZLTY + ZCY) + Zy,zeP,z;ﬁy#x (ZLTYZCZ) + HyeP,y;ﬁx ZLTY + HyEP,y;éx ZCY

(6)

EyEP,y#x (ZLTY + ZCY)
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in parallel without the additional ripple-power transfer control,
and the primary side current of HFT is expressed as (11) based
on double Fourier transformation and Taylor expansion, where,
ip-dc 18 the dc component of HFT current iy, which contains
the magnetic current component, and i, is the ripple com-
ponent of HFT current, wyg is high-frequency switching angular
frequency of SIQAB-stage, it can be seen that the second-order-
frequency component exists in the form of sideband harmonics
with three-phase symmetry in the primary side current of HFT
under high-frequency synchronization modulation

ipx = Z-pfdc + iprac

219 i sin((2m — 1)wst)
[t 2m —1

. Lsg Z cos {[(2m — 1)wsg :i:2w]t—|—t9x}. (11
T m=1

2m — 1

Therefore, the process of ripple transmission under high-
frequency synchronization modulation can be equivalent as
follows; Low frequency ac component igni . iS transferred
to the point “A” in the switched-capacitor circuits based on
the low impedance characteristic of the equivalent connected
in parallel, and is canceled through magnetic coupling based
on three-phase symmetry, which will be analyzed in the next
section, only the dc current flows into the LVdc bus, as shown in
Fig. 9. The HFT currents and SM capacitor voltage based on the
switched-capacitor circuits is shown in Fig. 10, which verifies
that the high-frequency synchronization modulation helps the
transmission of low-frequency ripple, i.e., the second-order-
frequency component exists in the form of high-frequency side-
band harmonics with three-phase symmetry in the primary side
current of HFT under high-frequency synchronization modula-
tion, while the secondary side only contains the dc component,
and the capacitor voltages of the three-phase SMs clamp each
other and ripple in a small range, which can be approximated
to be consistent due to the equivalently connected in parallel
characteristics.

C. Suppression Analysis of Low-Frequency Ripple by
SSHPSM With Magnetic Reluctance Model

In Section III-B, the process of low-frequency ripple transfer
to the primary side of HFT under high-frequency synchronous
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Fig. 10. SIQAB-stage HFT currents and three-phase SM capacitor voltages
at the low-frequency ripple cycle.

modulation is analyzed. The process of ripple component can-
cellation through magnetic coupling is analyzed in detail in
this section. The four winding transformer model is shown
in Fig. 11(a). The primary side windings completely cover
the core and the secondary side winding is divided into three
parts, which are covered by the three ports winding of the
primary side, respectively, to reduce the leakage inductance of
the HFT, where Wy« (x = a,b,c) is the three port winding of the
primary side of SIQAB-stage, respectively, and W (i = 12,3)
is the secondary side windings. The magnetic field strength and
magnetic flux path is shown in Fig. 11(b) by ANSY'S simulation
of the transformer winding model, where ®,,,; is the magnetic
flux covered by the primary winding, and R,,; is the magnetic
reluctance corresponding to the @1 23, ®g; is the magnetic flux
flowing through the gap between the primary winding in the
magnetic core, and Ry; is the magnetic reluctances correspond-
ing to the ®,, F,« are the magnetomotive force of the primary
side windings, respectively, which is equal to Npy*ip, where
Npx(x = a,b,c) 18 the turns of primary winding, i, is obtained in
(11), F; is the magnetomotive force of the secondary side wind-
ings. The leakage magnetic flux is mainly concentrated between
the primary and secondary windings according to Fig. 11(b),
so the leakage flux in the air is ignored and the equivalent
leakage inductance obtained by simulation is about 2 uH, which
conforms to the design of small leakage inductance, where Rj;1
and R;;o are the leakage magnetic reluctances corresponding to
the leakage magnetic flux, respectively. The equivalent magnetic
reluctances model is shown in Fig. 11(c), where Rs; is Rsi; and
Rsi2 in parallel.

InFig. 11(c), it is assumed that the transformer is symmetrical
Npx = Np, Riyi = Ri, Rgi = Ry, Rsi = Rs, Fg; = F. According
to the superposition theorem, the magnetic flux ®,,,; stimulated
by the magnetomotive force of each winding can be expressed as
(12), shown at the bottom of the next page. According to (12),
the part containing ripple-current ipy in (11) will be canceled
based on the three-phase symmetry, the magnetic flux in the
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Fig. 11.  Equivalent model of four winding transformer. (a) Transformer wind-
ing model. (b) Magnetic field strength and magnetic flux path of transformer
winding model. (c) Magnetic reluctance model.
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magnetic core can be further expressed as (13), shown at the
bottom of this page, it can be seen that the magnetic flux in
the magnetic core is composed of three parts 1) the part of the
ripple component, which is not completely canceled due to the
influence of leakage inductance; 2) the part stimulated by the
dc component of primary side magnetomotive force F,y; 3) the
part stimulated by the secondary side magnetomotive force Fi;.
The leakage inductance is on the “uH” order of magnitude and
the magnetic inductance is on the “mH” order of magnitude.
Therefore, R; is far greater than Ry, and R,. and the part 1 is far
smaller than other two parts and can be ignored. The result of
the common stimulated by the Part 2 and Part 3 is the magnetic
flux generated by the magnetic current of the primary side.

Itis approximately considered that in the magnetic reluctance
model, based on the three-phase symmetry the magnetic flux
in the magnetic core caused by low-frequency ripple-current is
canceled in the main magnetic flux path and there is also slight
leakage magnetic flux that is not completely canceled, which is
consistent with the analysis of small leakage inductance design
in Section III-B. The incompletely canceled magnetic flux will
increase the magnetic flux density B according to (14), where S
is the cross-sectional area of the core

d)mi

B = Nk

The magnetic flux density under the traditional large capaci-
tance scheme and the capacitance minimization scheme is shown
in Fig. 12, in the traditional scheme, the ripple component is not
transmitted to the HFT primary side to generate a magnetic flux,
and its maximum magnetic flux intensity is 0.6132T. Under the
proposed synchronization modulation, the ripple is transmitted
to the HFT primary side, but the generated magnetic flux is can-
celed based on the three-phase symmetry, there is little leakage
magnetic flux that is not completely canceled, and the maximum
magnetic flux intensity is 0.6824T, a slight increase of 2.4%. It is
verified that when the leakage inductance of the HFT is reduced
as much as possible in the design, the ripple component with
three-phase symmetry can decouple with the SM capacitor and
transferred to the primary side of the HFT to cancel based on the

(14)

Np (ipfdc + ipafac)

Np (ipfdc + ipbfaC)

Rs Rs

P = + . .
! [2(Rwm//Rs) +3Rg] //Rs + R [2(Rwm//Rs)+3Rs|//Rs + Rn 2(Rwm//Rs)+ 3Ry + Rs Rs+ Rm
Magnetic flux under Fp, Magnetic flux under Fjy,
+ Np (ipfdc + Z.pcfac) . R5 . R5 _ . 3 . R5
[2(Rw//Rs) + 3R] //Rs + R 2(Rm//Rs) +3Rs+Rs Rs+Rw °~ 3(Rw//Rs)+3R; Rs+ R
Magnetic flux under F, Magnetic flux under Fy 2 3
(12)
D, = Nofpx—ac " Npipac (Ry + Rs) 3 FiRs a3)
" Rm + Rs RgRm + RgRs + Ry Rs RmRs + RgRs + R Rs
N—_——

Part 1: Not completely cancelled

Part 2: Magnetic flux under dc component of Fi,. 1 ¢

Part 3: Magnetic flux under Fi1 2 3

Magnetic flux of the primary sidemagnetic current
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Fig. 12.  Magnetic flux density in the ANSIS simulation. (a) Traditional large
capacitance scheme. (b) Capacitance minimization scheme.

TABLE I
OPERATING PARAMETERS AND DEVICE SPECIFICATIONS

Traditional large
capacitance scheme

Capacitance
minimization scheme

Port voltage /upx, us 750V
Switching frequency /fo.s 20kHz
HFT RMS current at full 80A, 240A 100A, 240A
load /Iums-p, Trms-s
Primary side switch /SiC FF6MR12KM1[20] FF3MRI12KM1[21]
Ton of primary side switch
[tow=(taon ) 98ns 290ns
Totr of primary side switch
[tot=(taofrt) 170ns 106ns
Conduction resistance of
primary side switch /Rps 7.5mQ 3.9mQ
Secondary side switch /SiC FF2MR12KM1[22]
Ton of secondary side switch
Jton=(taon+1:) 141ns
Torr of secondary side switch
tos=(taofr ) 73ns
Conduction resistance of 2.9mQ

primary side switch /Rps
Magnetic core material nanocrystalline
(PC0074 ONL- (PC0074 ONL-

Magnetic core specification 130%80*50)*4 130%80*50)*5

magnetic coupling under the switched-capacitor circuits formed
by synchronization modulation.

D. Power Losses Distribution and Efficiency of DC-DC-Stage
Under Two Schemes

This section analyzes the power loss of the QAB-stage under
the traditional large capacitance scheme and the SLQAB-stage
under the proposed capacitance minimization scheme. In the
traditional scheme, ripple-power is absorbed by the large ca-
pacitor, the primary and secondary side switches of QAB-stage
only contain dc current component. Under the proposed scheme,
ripple-power is transmitted to the SIQAB-stage, the primary side
switch current of SIQAB-stage is the superposition of dc compo-
nent and second-order-frequency ripple component. Combined
with the operating conditions in Table IV, the SiC MOSFET can
effectively improve the efficiency of the system at the switching
frequency of 20 kHz due to the lower time intervals during
switching ON and OFF, as well as smaller conduction resistance.
The specifications of switches and cores in dc—dc-stage for
power loss calculation is shown in Table II.
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TABLE III
SINGLE SM CAPACITOR PARAMETERS AND SPECIFICATIONS

Traditional large
capacitance scheme

Capacitance
minimization scheme

2
Capacitance constraints c=> _te C=> _he”
47 freuc 2 famétc

SM capacitance 6mF 0.73mF
Capacitor specification (2.4mF/1200V) (ImE/1200V)

B25690C1248K203 B25690A1108K203
Composition 3 in parallel single
Volume 5.46dm**3=16.38dm’ 2.49 dm’
Cost $299.8*3=$899.4 $129.87

The switching power loss under the two schemes is shown in

Psz = %‘/SWISWT (ton + toff) fQ

T
PswP - ﬁ fO 2 %V;WISWP (ton + toff) fsdt

where “T” and “P” represent the traditional and proposed
scheme, respectively, P, p are the switching losses, Vi, and
Iy p are the voltage and current at the switching time, respec-
tively, and 7 oy and 7 opp are the time intervals during switching
ON and OFF, respectively, fq and f; are the switching frequency of
the QAB-stage and SLQAB-stage, respectively. The conduction
losses of the dc—dc-stage switches can be expressed as

5)

I
P, conT — IrmsTRDS

(16)
PconP = Il?mSPRDS

where P.o,T,p are the conduction loss, I;msT,p are rms currents,
Rps are the conduction resistance

The power losses of HFT are mainly distributed on the mag-
netic core and winding, which can be calculated by the existing
research [23], and expressed as

_1 dB @ _
Paore = . fo,s K|7d£t)| |B(t)]°
core = JQ,S Jo (2m)" T [ [cos 0] 25 dp

Pwind = 2?21 Irms(h)QRac(h)

where P.ore and Pyinq are the magnetic core loss and winding
loss, B is the magnetic flux density, K, «, and [ are determined
by the magnetic core characteristics, & is the FFT component
index, R,.(h) is the winding resistance at the Ay, frequency
range, I (h) is the rms current component at the Ay, frequency
range.

The comparison of power losses distribution and efficiency
between the two schemes under different load conditions is
shown in Fig. 13. Under the proposed capacitance minimization
scheme, the efficiency of SIQAB-stage can reach to 96% and
still operate with high efficiency.

a7

E. Capacitance Constraint Analysis Under SSHPSM Method

After the second-order-frequency ripple is suppressed, the SM
capacitor only needs to absorb the switching harmonic generated
by the SM H-bridge and the SIQAB-stage H-bridge during the
pulsewidth modulation process. Since the switching frequency
of the SIQAB-stage is much higher than that of the CHB-stage,
the harmonic current handled by the SM capacitor mainly comes
from the SM H-bridge. In a switching cycle, the charging energy
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Fig. 13. Power losses distribution and efficiency of DC-DC-stage under two
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of SM capacitor is

iSMX maxDSM
fsm

where the igyxmax 1S the maximum average value of the SM
charging current shown in (3), Dgys is the duty cycle of the
SM H-bridge switch, and the maximum value is equal to
the voltage modulation ratio g whichis not more than 1, fq\ is the
switching frequency of CHB-stage. And the capacitor voltage
ripple caused by AEgy is

. — AEsv  Ig?
Oy 20 fsm

By combining (18) and (19), the constraint of the optimized
SM capacitance is

AEgy = (18)

19)

2
> Ig

_— 20
~ 2fsmeuc (20)

The capacitance constraint comparison with the traditional
large capacitance scheme and selected the capacitor specifica-
tions, as shown in Table III, according to the operating conditions
of Table IV. Compared with the traditional large capacitor
scheme, the optimized capacitor volume is reduced by 85%,
and the cost is reduced by 85.6%, as shown in Fig. 14.

IV. INFLUENCE OF THE PRACTICAL NONIDEAL CONDITIONS
ON SWITCHED-CAPACITOR CIRCUITS

In theory, SIQAB-stage primary side gate signals of the three
phase SM share the same signal and they should be strict con-
sistency in phase and we define it as switch synchronization. In
practical application, there are some nonideal factors, including
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Fig. 15. SIQAB-stage primary side ports model. (a) Simulation model.
(b) Equivalent circuit model.

1) the tiny difference of the switch signal due to circuit pa-
rameters, which is defined as “nonideal switch synchronization
signal,” 2) the inconsistency of primary side leakage inductance
of HFT caused by manufacturing processes, which is defined
as “the primary side leakage inductance inconsistency in HFT”.
The effectiveness of the switched-capacitor circuits under non-
ideal factors is analyzed in this section.

A. Influence of the Nonideal Switch Synchronization Signal

From Fig. 5(b), SIQAB-stage have only one inductor on
the secondary side, while only leakage inductance exists on
the three-phase primary side bridges. This section will discuss
the sensitivity of circulating power between the primary side
H-bridges to the nonideal switch synchronization signal, arising
from mismatch between the rise and fall times of the switches
across different primary side H-bridges and to the winding
resistance variation of the various primary side windings. For
the arbitrary two ports of SIQAB-stage primary side H-bridges,
as shown in Fig. 15(a) and the equivalent circuit model is shown
in Fig 15(b), one port is connected to a voltage source u; and
the other is connect to a 50 €2 load, the winding resistance R
sets to 0.1 €2, the unequal phase-shift ¢, is only caused by
hardware factors as the primary operation in synchronous mode.
And considering the practical possibilities the upper limits is
set 0.05° to simulate the incomplete synchronization of SIQAB
primary side full bridge switch signal. First, we analyze the
effect of leakage inductance as the inductance Lt is changed
from 217 uH to 1 uH.

If the converter in Fig. 15 operates in DAB mode when a
practical phase shift exists, the transmission power satisfies (1),
and the output voltage u, of port y can be further expressed as

o NuiR . (bxy
= 727TfSLT Oxy (1 - ) . 20

If the converter in Fig. 15 operates in switched-capacitor
mode, the u, should same with the input voltage.

For the simulation, as shown in Fig. 16, the unequal phase-
shift ¢, caused by hardware factors is 0.05°; the inductance
changes from 217 uH to 1 uH. When inductance is 217 uH,
the simulation output voltage equals to result of (21) and the
converter operation in DAB mode; as inductance decrease, the
simulation results gradually deviate from the calculated results
by (21). When the inductance is 1 uH, the output voltage is as

Uo
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Fig. 16.  Variation curve of ports voltage with inductance.
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Fig. 17.  SM charging current of phase-a and -b and HFT currents of primary
sides at the low-frequency ripple cycle.

same as input voltage and the converter operates in switched-
capacitor mode. Therefore, when the leakage inductance of
HFT is reduced as much as possible in the design under the
proposed scheme, the primary side H-bridges of SIQAB operate
in switched-capacitor mode under synchronization modulation.

Based on synchronous modulation and the SM capacitor
voltage clamp of switched-capacitor circuits, when the leakage
inductance design is as small as 2 uH and the leakage inductance
inconsistency is slightly less than 0.1 uH, the SM charging cur-
rents, HFT primary side currents and three-phase SM capacitor
voltages are shown in Fig. 17. The phase-shift angle of 0.05° be-
tween port x and port y is set to mimic the phase difference of the
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switch synchronization signal caused by hardware factors, the
SM charging currents and HFT currents ripple at low-frequency,
which is equivalent to the load change of SIQAB-stage primary
side port, the SM charging current and HFT current of each
port are consistent, and the amplitude of SM charging current
is consistent with that of HFT current. Therefore, there is no
large switched-capacitor current, reactive current and circulating
power between SIQAB-stage primary side ports due to the
voltage clamping characteristics of switched-capacitor circuits.
The nonideal switch synchronization signal has almost no effect
on the transfer and cancellation of ripple-current based on the
switched-capacitor characteristics.

In addition, as the charging current ignra, ismb, isMe at the
input is controlled by ac side current loop, they are three phase
symmetrical and transferred to the transformer primary side of
SIQAB according to the impedance analysis in Section III-B.
Under the abovementioned unbalanced conditions, there is no
significant difference in the charging current between ports and
the SM capacitor voltage caused by hardware factors ripple in
a small range due to the SM capacitor voltage clamp of the
switched-capacitor circuits, as shown in Fig. 17, the capacitor
voltage difference between arbitrary two ports of SIQAB pri-
mary side H-bridges is less than 40 V, and the ripple is less than
5.3%, with variations in a small range in either SM capacitor
voltage or in leakage inductance, the unequal power flow through
each phase at the input is in a small range.

B. Influence of the Primary Side Leakage Inductance
Inconsistency in HFT

In the previous section, it was analyzed that the leakage in-
ductance of HFT was designed to be very small in the switched-
capacitor circuits. The influence of the inconsistency of the
primary leakage inductance of HFT on the switched-capacitor
circuits will be further analyzed. Generally, we assuming the
parameters of the SM capacitance are consistent, i.e., Zc, = Zcb
= Zce = l/jwC,. But due to the difference in manufacturing
process of multiwinding transformers, the leakage inductance
of each primary side winding is inconsistent. Supposing that
AL is the difference value between L1, and Lt},, and ALto
is the difference between L1, and L, then the leakage in-
ductance impedance of the transformer primary side can be
rewritten as Zyr, = jwlta, ZrTh = jw(LTat+ALT1), Z1Tc =
Jw(Lta+ALr2), ica-ac, aNd iQa-ac in (7) can be further expressed
as (22) shown at the bottom of this page, and the ripple-current
iQb-aca aNd iQc_aca Can be written as

i =3 ) W2Ca(LTa+ALT2)+1
Qb—aca — ‘Qb—ac w2Co (2L +ALt2)+2 23)
. _ . w?Ca(Lnt+ALri)+1
!Qe-aca = 1Qe-ac” 260, 2Ly +ALT1)+2

where due to the frequency of the ripple-current studied in this
article is mainly second-order-frequency, the w of (22) and (23)

1Ca—ac = 1SMa-ac (

w4C§(3L%a + 2L ALty + 2Ly ALts + ALT) ALTz) + w?Co(4L1y + ALT1 + ALT2) + 1
wiC2 (3L—%a + 2LmALty + 2L1ALra + ALTIALTZ) + 2w2C, (3L, + ALy + ALps) + 3

(22)

w2Ca(2Lpa + ALp1 + ALpy) +2

10a—ac = 1 _
Qa—ac SMa—ac <w4C§ (3L%\ + 2L ALty + 2L1nALT2 + ALTy ALTQ) + 2w2Co (3Lt + ALT1 + ALT2) + 3)
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TABLE IV
SIMULATION PARAMETERS OF TWO SCHEMES

Model Mode2
CHB-stage parameters
SM capacitor voltage/uc 750V 750V
RMS value of line to line voltage/ux 6kV 6kV
Rated active power/P 1.2MW 1.2MW
AC fundamental frequency/fr 50Hz 50Hz
PWM carrier frequency/fsm 2kHz 2kHz
SM capacitance/C 6mF 0.73mF
Number of SM of phase-x/n 8 8
DC/DC-stage parameters
Transformer turns ratio/N I:1:1:1 1:1:1:1
LVDC bus voltage/urLvpc 750V 750V
Filtering inductance/Lr 3mH 3mH
The sum of the external inductance and
the equivalent leakage inductance/Leq 9utl 13ull
Switching frequency/fq, fs 20kHz 20kHz

1.0 0.666478 " 0.666471 Lr=1uH
iy iguAc L =2uH
) Lr~4uH

| 0665535 0665407 T
0.6 e —e L1, =6uH

————————————————— 01 3

[ Ly, =6uH

04 170.334465 0334503 "
0.2 N e ILTﬂ=4uH
< . ! | Lr=2uH

| ==pe—

0 110333522 e—= 0333529 L1.=1uH
PO ey — g R
0 5 0
ALt/uH ALvy/uH
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0.33337
0.333238 0.333238 .
fm— iqb-aca
0.3332- 0.333235 1, —jyy 0333235 —
! IQe-ACa
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0.3330
———— EE—
0.33294 Lr,=4uH
0.3328-0.332763 0.332763.
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Fig. 18. Second-order-frequency ripple-current distribution of phase-a with
the change of leakage inductance. (a) ica-ac to SM capacitor and iQa-ac to the
SIQAB-stage. (b) iQb-aca and iQc-aca from phase-b and phase-c to phase-a.

is equal to 2007. According to the small leakage design in
Section III-C and manufacturing technique of the transformer
in practical application [24], the range of Ly, is set as 1-6 uH,
ALt and AL, are set to +5% of the L, and C, is set based
on the operation conditions in Table IV. Based on the second-
order-frequency ripple-current analyzed in (22) and (23), the
ripple-current distribution can be plotted in Fig. 18(a) and (b). It
can be seen from Fig. 18 that, the variation of the ripple-current
transmission caused by the leakage inductance difference ALy
and ALy, between the primary side three ports of the four-port
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(a)

Fig. 19. Comparison of SM capacitance under two schemes. (a) Traditional
scheme. (b) Capacitance minimization scheme.

transformer is within 0.004%, which can be considered as no
effect. With the increase of the leakage inductance of the three
ports, ica-ac and iQa.ac change from 33.352%, 66.550% to
33.45%, 66.648% and the difference is only 0.01% and 0.01%;
iQb-aca aNd iQc-aca change from 33.324%, 33.324% to 33.274%,
33.274%, respectively, and the difference is only 0.05% and
0.05%. The above variations indicate that the order of magni-
tude of HFT leakage inductance is very small under the small
leakage inductance design, the primary side leakage inductance
inconsistency has little influence on the ripple-current transfer
and cancellation based on the switched-capacitor characteristic.

V. OPERATION FEASIBILITY EVALUATION FOR TYPICAL
CRITICAL CONDITIONS

The topology shown in Fig. 2 can be used for motor drive
and grid-tied control. The operation feasibility of the proposed
scheme should be evaluated in the case of the typical critical
conditions. When the system operates in low-frequency opera-
tion of motor drive conditions, the large capacitor is needed to
suppress the low-frequency ripple for traditional CHB; when the
system operates in three-phase voltage asymmetry for grid-tied
conditions, additional zero-sequence component will be gen-
erated, and the large capacitor is also needed to suppress the
low-frequency ripple for traditional CHB. In this section, the
suppression effect of low-frequency ripple in the low-frequency
operation for motor drive conditions and the fault ride through
ability of three-phase voltage asymmetry for grid-tied conditions
are further evaluated.

A. Low-Frequency Operation for Motor Drive Conditions

The CHB-SIQAB based on the proposed capacitance mini-
mization scheme can also be used in the field of motor drive.
When the frequency of motor variable frequency V/F control
rises from O Hz to rated frequency, the converter will experience
low-frequency operation [25]. According to the capacitance
constraint shown in (5), the lower the output frequency is,
the larger capacitor is required to suppress the second-order-
frequency voltage ripple [26]. According to the parameters in
Table IV and the capacitance constraint in (5), the variation
curve of the SM capacitance with the frequency fr and the
modulation ratio g is shown in Fig 19(a), where the variation
range of fr is 10—50 Hz, the variation range of g is 0.5-0.9,
and the ripple coefficient € is 0.05. It can be seen that the
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Fig. 20.  Verification waveforms of the ripple component cancellation under
low-frequency operation at 10 Hz. (a) Waveforms of output voltage and SM
capacitor voltage. (b) Waveforms of HFT current of SIQAB-stage.

SM capacitance is significantly influenced by the operating fre-
quency, and the lower the frequency is, the greater capacitance is
required.

According to the principle of the ripple-current decoupling
with the SM capacitor and the analysis of ripple-current can-
cellation at the primary side of the SIQAB-stage based on the
three-phase symmetry, the proposed SSHPSM method is not
affected by the frequency of the ripple component. Therefore, the
capacitance constraint still only needs to consider the switching
frequency of SM shown in (20). As shown in Fig 19(b), the
capacitance of the CHB-SIQAB remains unchanged when it
operates in the low-frequency operation. When CHB-SIQAB
operates for motor driver, the simulation test waveforms of
CHB-SIQAB operating in low-frequency operation with pro-
posed SSHPSM method are shown in Fig. 20. Fig. 20(a) is
the capacitor voltage waveform of SM when the operating
frequency is 10 Hz, and the ripple is only 5%. In Fig. 20(b) the
second-order-frequency ripple-current still can be canceled in
the primary side of SIQAB-stage, so the secondary side current ig
only contains the dc component, which proves that the proposed
capacitance minimization achieved by SSHPSM method and the
capacitance constraint will not be affected under low-frequency
operation.

B. Three-Phase Voltage Asymmetry Fault Ride-through for
Grid-tied Conditions

Three-phase voltage asymmetry is a typical condition of
low-voltage distribution network. For the medium and high volt-
age bus connected by CHB-SIQAB, voltage asymmetry is not
allowed in the power supply specification. However, under fault
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conditions, such as short circuit to ground, three-phase voltage
asymmetry will occur. If the fault cannot be eliminated within
a certain time, the protection system will disconnect the fault
line. When the three-phase voltage asymmetry occur under the
fault condition in the MVac grid, the additional zero-sequence
component will be generated. According to the symmetrical
component theory, the voltage and current expression of the grid
side under the three-phase voltage asymmetry condition can be
obtained as

ux = U sin (wt 4+ 07F) + Uy sin (wt + 6)
(24)

ix = I} sin (wt + @) + I sin (wt + ¢y )

where U™ and U™ are the positive and negative-sequential
components of the voltage amplitude of the grid, 6, + and 6, are
the initial phase angles of the three-phase positive- and negative-
sequence voltage components, I, and I, are the positive- and
negative-sequential components of the current amplitude of the
grid, o, and ¢, are the initial phase angles of the three-
phase positive- and negative-sequence current components. The
switching function expression of SM under the condition of
three-phase asymmetry is derived as (25), where g™ and g
are the three-phase positive- and negative-sequence modulation
ratios, and the maximum value is 1
si =g  sin (wt 4+ 607) + g~ sin (wt +6) . (25)
Taking phase-a as an example, combining (24) and (25), the
charging current of the SM capacitor under the three-phase
asymmetric condition can be expressed as (26) which contains
the dc component, as well as positive-, negative-, and zero-
sequence components

ismx(t) = si(t) - ix(t)

_ I+g+ COS(QQ_ - ‘P:—i_) I cos(0; — ¢5)
S 2 ]

dc component

0t — oo - — oF
_ Is—g+cos( X (px) +Is+g_COS( X QOX)
2 2
dc component
—cos(2wt + 0F + o 2wt 40, —pF
LIt cos(2wt + 6 +¢X)+I’g’cos( wt 40 — )

2 5 2

positive sequence component

negative sequence component

cos(2wt + 07 + ¢F)

_ —cos(2wt+0F +¢7)
5 :

2

+15g

+Is+g+_

Zero sequence component

(26)

When the three-phase voltage asymmetry occurs, the isnix-ac
will still flow into HFL, where the positive- and negative-
sequence components can still decouple with the capacitor
and be canceled based on the three-phase symmetry, but the
zero-sequence component cannot be canceled due to the same
amplitude and phase. Combining (4) and (26), ismx-ac 1S shown
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Fig.21.  Fault ride through ability of three-phase voltage asymmetry for grid-

tied operation.

in (27). Combining (27) and (10) ic, can be expressed as (28)

iSMaﬁac

_ —IF g7t cos(Rut+05 +o7) + —I. g~ cos(2wt+0,+py)

- 2 2

+ —I g%t cos(2wt+0F +p3) + —IF g cos(2wt+0;+oF)
2 2

ISMb_ac
_ —IF gt cos(Rut+0f +of —27/3) + —1I7 g~ cos(2wt+05 +oi +27/3)
- 2 2

+ —I g%t cos(2wt+0F +¢3) + —IF g cos(2wt+0;+oF)
2 2

iSMcfac
_ —IF g7t cos(Rut+05 +oi +27/3) + —I. g cos(wt+0, +p,—27/3)
- 2 2

+ —I g%t cos(2wt+0F +¢5) + —IF g cos(2uwt+0;+oF)
2 2

(27)
. Z‘SMa—ac Z'SMb—aC iSMc—aC
‘Ca= "3 3 3
- cos(2wt + 05 + ;)
2
— 2wt + 0F ”
o cos(2wt + 6 -|-<,01)- 28)

2

According to (28), the zero-sequence component will be left
after the decoupling of ripple-power. Due to the mutual clamping
effect by switched-capacitor characteristics between three-phase
SM capacitors, the zero-sequence current is absorbed by the
three-phase interconnected SM capacitors.

The capacitance constraint shown in (20) is under three-
phase voltage symmetry condition, when the three-phase voltage
asymmetry occurs, the three-phase voltage asymmetry fault
ride-through simulation test waveform is shown in Fig. 21 in
which the voltage of phase-b dips to 50% of the steady-state
value gradually and the grid current is well controlled. In (26),
the positive- and negative-sequence ripple components decouple
with the SM capacitor and are canceled at the primary side of
SIQAB-stage based on the three-phase symmetry.

The left zero-sequence currents, which cannot be decoupled
will distribute among the three-phase SM capacitors and gen-
erate voltage ripple. The ripple degree at different dip levels is
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Fig. 22. Waveforms of three-phase SM capacitor voltage. (a) Mode 1.
(b) Mode 2.

indicated in Fig. 21. When the phase-b voltage dips to 50%
of the steady-state value, the capacitor voltage ripple of the
SM increases from 5% to 13%, and the LVdc voltage ripple
increases from 0.15% to 1.2%. Therefore, for the medium and
high voltage bus connected by CHB-SIQAB, the system can
realize the three-phase voltage asymmetry fault ride-through
under the proposed SSHPSM method.

VI. SIMULATION VERIFICATION
A. Simulation Model

In order to verify the effectiveness of the SM capacitor
second-order-frequency voltage ripple suppression based on
the proposed SSHPSM method of HFL of CHB-SIQAB, a
simulation prototype of CHB-SIQAB was built in PLECS. The
specific simulation prototype parameters of the traditional large
capacitance scheme and the proposed capacitance minimization
schemes which are defined as Mode 1 and Mode 2, respectively,
are shown in Table IV.

1) Mode 1: CHB-stage adopts the traditional control strat-
egy shown in Fig. 3(a), QAB-stage adopts the traditional
modulation method shown in Fig. 3(b) and (e). The large
SM capacitance is selected as 6 mF according to (5).

2) Mode 2: CHB-stage adopts the traditional control strategy,
as shown in Fig. 3(a), SIQAB-stage adopts the SSHPSM
method, as shown in Fig. 5(a) and (d). The small SM
capacitance is selected as 0.7 mF according to (20), which
reduces by 88.3% compared with Mode 1.

B. Simulation Results

Fig. 22 is the simulation results of SM capacitor voltage of
Mode 1 and Mode 2 under steady state condition. In Mode 1,
the second-order-frequency voltage ripple is suppressed to 5%
by large capacitance, as shown in Fig. 22(a). In Mode 2, the
SM can meet the requirements of capacitor voltage ripple range
by using the capacitance which is 12% of Mode 1. The voltage
ripple shown in Fig. 22(b) is mainly high-frequency switching
harmonic caused by SM.
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Fig. 23 is the FFT decomposition results of the SM
capacitor currents of the two modes. In Mode 1, the capacitor
current mainly contains the second-order-frequency ripple
component, while the capacitor current in Mode 2 almost does
not. Fig. 24 is the FFT decomposition results of the input current
of the primary side of the dc—dc-stage. In Mode 1, the QAB-stage
input current hardly contains second-order-frequency ripple
component, the ripple is mainly absorbed by the capacitors.
In Mode 2, second-order-frequency ripple component can
decouple with the three-phase SM capacitors and further flow
into the primary side of SIQAB-stage to be canceled. Therefore,
the capacitor only needs to deal with the high-frequency
switching harmonics. The waveforms of Figs. 22-24 verify
that the capacitance minimization scheme based on SSHPSM
method can effectively suppress the CHB-stage SM capacitor
voltage low-frequency ripple.

Fig. 25 is the HFT waveforms of SIQAB-stage of Mode 2,
which verifies the correctness of the SSHPSM method shown
in Fig. 5(d). The power flowing between primary and secondary
sides are controlled by phase-shift modulation under SSHPSM
shown in Fig. 25(a) and (b). Fig. 25(c) is the HFT currents of both
primary and secondary sides. The second-order-frequency ripple
component is in the form of high frequency sideband harmonics
in the HFT primary side current under synchronous modulation
and canceled according to magnetic coupling, therefore, the
secondary side HFT current i only contains dc component.

Fig. 26 is the dynamic waveforms of Mode 2, Fig. 26(a) is
the voltage and current of MVac grid, Fig. 26(b) is the voltage
and current of LVdc bus, and Fig. 26(c) is the three-phase SM
capacitor voltage. When ¢ = 1 s, the load steps from full load
to half load, the system with small SM capacitance can reach a
stable state quickly and has good dynamic characteristics, which
verifies that the optimized capacitance constraint in (20) can
ensure the stable operation of CHB-SIQAB.
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Fig. 25.  Waveforms of HFT voltage and current of Mode 2. (a) Waveforms

of primary and secondary sides HFT voltage and current of SIQAB-stage.
(b) Local amplification. (¢) Waveforms of HFT current of SIQAB-stage.

VII. EXPERIMENTAL VERIFICATION

In order to further verify the correctness and effectiveness of
the capacitance minimization scheme based on SSHPSM and the
capacitance constraint for CHB-SIQAB, a 300 W experimental
prototype is built, which is shown in Fig. 27. The experimen-
tal prototype adopts three-level CHB-stage and two groups of
full-bridge SIQAB-stage. The specific experimental parameters
are shown in Table V, the SM capacitance is 100 uF in experi-
ments according to (20).
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Fig. 27. CHB-SIQAB experimental prototype.

A. Ripple Suppression Verification Under Three-Phase
Voltage Symmetry

Fig. 28(a) shows the phase-a current i, of CHB-stage grid
side and the SM capacitor voltage of the CHB-stage, which
contains no second-order frequency ripple. Under the SSHPSM
method, the second-order-frequency ripple-current will decou-
ple with the SM capacitance and flow into the SIQAB-stage, as
shown in Fig. 28(c), and the ripple-current is canceled based
on the three-phase symmetry, as shown in Fig. 28(d), only
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TABLE V
PARAMETERS OF EXPERIMENTAL PLATFORM

CHB-stage parameters

SM capacitor voltage/uc 40V

RMS value of line to line voltage/ux 80V
Rated active power/P 300W

AC fundamental frequency/fr 50Hz
PWM carrier frequency/fsm SkHz

SM capacitance/C 100uF

Number of SM of phase-x/n 2
QAB-stage parameters

Transformer turns ratio/N 1:1:1:1
LVDC bus voltage/urvpc 40V
Filtering inductance/Lr 3mH

The sum of the external inductance and 36uH
the equivalent leakage inductance/Leq
Switching frequency of SIQAB/fs 20kHz
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_______ mEn f,,a.‘..g.“.g..x(_y/...lrlOmS./(.ll.\]
: H :
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Fig. 28.  Verification waveforms of SM capacitor voltage ripple suppression
effect at 50 Hz. (a) Waveforms of SM capacitor voltage. (b) Waveform of the
three-phase current and SM capacitor voltage when the power flow is reversed.
(c) Waveforms of SIQAB-stage primary side input current. (d) Waveforms of
SIQAB-stage HFT current.
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Fig. 29.  Verification waveforms of SM capacitor voltage ripple suppression
effect at 10 Hz. (a) Waveforms of SM capacitor voltage. (b) Waveforms of
SIQAB-stage HFT current.
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Fig. 31.  Waveforms of phase-a and b voltage and current.

dc component transfer to the secondary side of SIQAB-stage.
Therefore, the voltage ripple is only 3%, as shown in Fig. 28(a),
and when the load is switched from 80% load to full load, the
capacitor voltage ripple is still well suppressed. In addition,
when the system power flow is reversed, the proposed capacitor
minimization scheme can still work well, as shown in Fig. 28(b).
The waveforms of Fig. 28 verify that the SM ripple-voltage
suppression based on SSHPSM is effective, and the SM voltage
ripple suppression process will not be affected by the dynamic
change.
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Fig.32.  Waveforms of transmitted current of SIQAB-stage under three-phase
asymmetry operation. (a) Waveforms of SIQAB-stage primary side input cur-
rent. (b) Waveforms of SIQAB-stage HFT current.
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Fig.33.  Waveforms of SM capacitor voltage ripple under three-phase voltage
asymmetry and current symmetry. (a) Waveforms of three-phase voltage and
phase-b SM capacitor voltage. (b) Waveforms of three-phase current and phase-b
SM capacitor voltage. (c) Waveforms of phase-b current and three-phase SM
capacitor voltage.
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As shown in Fig. 29(a), when the operating frequency of
CHB-stage is 10 Hz, the SM capacitor voltage ripple of CHB-
stage is 5%. Fig. 29(b) is the HFT currents. Compared with
Fig. 29(c), the second-order-frequency ripple component can
still be canceled in HFL, and only the dc component will
transfer to the secondary side of SIQAB-stage, which verifies
the effectiveness of the capacitance minimization scheme at
low-frequency operation discussed in Section V-A.

Fig. 30 shows the HFT voltage and current waveforms of pri-
mary and secondary sides of SIQAB-stage, as shown in Fig. 5(d).
Under synchronous modulation, the second-order-frequency
ripple-current of CHB-stage SM flows into the SIQAB-stage,
and the asynchronous modulation difference caused by hard-
ware factors is very small. The power transfer is realized
by the phase-shift on the primary and secondary sides of
SIQAB-stage.

B. Ripple Suppression Verification Under Three-Phase
Voltage Asymmetry

The three-phase voltage asymmetry condition is set as phase-b
voltage dips by 50%, and the three-phase current is controlled
to be symmetrical, as shown in Fig. 31.

Fig 32 is the transmitted current waveforms of SIQAB-stage
under the three-phase voltage asymmetry operation. The in-
put current of SIQAB-stage primary sides shown in (26) are
given in Fig. 32(a). Fig. 32(b) shows the waveforms of HFT
currents of SIQAB-stage, the positive- and negative-sequence
components decouple with the SM capacitor and are canceled
on the primary side of SIQAB-stage based on the three-phase
symmetry, while the zero-sequence components cannot be can-
celed and will distribute among the three-phase interconnected
capacitors.

Fig. 33 is the waveforms of SM capacitor ripple-voltage
under three-phase voltage asymmetry and current symmetry.
Compared with Fig. 28(a), when three-phase voltage asymmetry
condition occurs, the capacitor voltage ripple increases from 3%
to 12.5% due to the zero-sequence components are distributed
among the three-phase capacitors, as shown in Fig. 33(c). Ac-
cording to Fig. 33, the proposed scheme can still suppress the
SM capacitor voltage ripple in a reasonable range and realize
the three-phase voltage asymmetry fault ride-through.

VIII. CONCLUSION

This article proposes a SM capacitance minimization strategy
based on SSHPSM for CHB-SIQAB, which can reduce the
capacitance of SM. Under SSHPSM, the SIQAB-stage operates
in switched-capacitor mode to realize the automatic elimina-
tion of second-order-frequency voltage ripple of SM capacitor
without complex control, which helps to reduce the capacitance
of SM and improve the power density of the system. And the
scheme is still applicable under the influence of the nonideal
switch synchronization signal caused by hardware factors, and
the leakage inductance inconsistency has basically no effect on
the coupling progress of the ripple-currents. Furthermore, the
proposed scheme can still suppress the low-frequency voltage
ripple of SM capacitor in the low-frequency operation of motor
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drive conditions, and realize the three-phase voltage asymmetry
fault ride-through for grid-tied conditions.
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