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Asymmetric Trapezoidal Wave Modulation
of Modular Multilevel Resonant DC/DC Converter
for Current Stress Optimization

Haozhe Jin"”, Wu Chen

Abstract—A modular multilevel resonant dc¢/dc converter (MM-
RDC) possesses high power and high voltage rating, which is
adopted for high step-ratio interconnection in dc grid applications.
However, the current stress and reactive power of MMRDC are
high with the conventional quasi-square-wave modulation scheme
when in a wide voltage range and light load conditions. Hence,
this article proposes an optimized asymmetric trapezoidal wave
(ATW) modulation scheme that reduces current stress over wide
load and voltage ranges by separately modulating the duty cycles of
string output voltage rising and falling processes. The time-domain
mathematical model of MMRDC with the ATW modulation scheme
is established. Then, based on the soft switching characteristic
and reactive current analysis, the optimized operating point of
MMRDC can be derived while considering low current stress and
zero voltage switching constraint of low voltage side full-bridge
switches. On this basis, the numerical solutions of optimized control
variables are obtained, and a control block diagram is presented
for the practical implementation of the optimized ATW modulation
scheme. Finally, a4 kW MMRDC prototype is constructed, and the
experimental results verify the correctness and effectiveness of the
analysis and the optimized ATW modulation scheme.

Index Terms—DC/DC converter, modular multilevel converter
(MMQC), resonant converter, soft switching.

1. INTRODUCTION

ITH the rapid development of large-scale renewable
W energy sources, such as the offshore wind farm and the
solar power station, dc collection and transmission technologies
are viewed as profitable solutions for future renewable energy
systems due to their high efficiency, reliability, and flexibility [1],
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[2], [3]. The high voltage high power dc/dc converter is essential
for dc collection and transmission grids as the critical equipment
for voltage conversion, power flow control, and fault protection
[4], [5]. The existing high-power dc/dc converter schemes can be
divided into nonisolated and isolated types. The isolated dc/dc
converter is more suitable in medium voltage (MV) dc grids on
account of galvanic isolation, high step-ratio, and better device
utilization.

Conventional isolated dc/dc converter is challenged to di-
rectly implement in MV applications due to the incremental
voltage stress of power devices and passive components [6], [7].
One solution for MV dc conversion is forming a front-to-front
dc/dc converter by employing the modular multilevel converter
(MMC) on the MV side with a centralized transformer [8],
[9]. The series-connected submodules (SMs) of the modular
multilevel dc/dc converter (MMDC) can reduce device voltage
stress, improve reliability, and achieve high modularity and
redundancy [10]. Besides, a centralized high-power medium-
frequency transformer (MFT) features simpler insulation isola-
tion, less manufacturing difficulty, and higher power density than
multiple distributed high-frequency transformers [11]. However,
the abundance of SMs in the conventional MMC results in
high capital costs and substantial footprints [12]. In [13], a
half-bridge-type MMDC based on the dual-active-bridge (DAB)
structure is proposed to reduce the number of SMs. Neverthe-
less, there are concentrated capacitors on the MV side for the
half-bridge-type MMDC. A sharing-branch modular multilevel
dc transformer is proposed in [14], which reduces the number of
SMs and eliminates concentrated capacitors at the MV terminal.
Additionally, the resonant structure can also be used in MMDC
to reduce switching loss and the harmonic in MFTs as shown in
Fig. 1(a) [15], [16], [17]. A modular multilevel resonant (MMR)
dc/dc converter (MMRDC) is proposed in [18] by combining
the MMC and LLC resonant converter. Zero voltage switch-
ing (ZVS) for half of MV-side SM switches and zero current
switching (ZCS) for low voltage (LV) side rectifier diodes can
be achieved. A high step-down ratio isolated resonant MMC
(RMMOCO) is presented in [19]. And ZVS is achieved for all SM
switches. Because of the substantial conduction loss at MV side,
RMMC is preferable for low-power tapping applications [20].
In[21],an MMRDC is proposed for high step-ratio applications.
Soft switching and fixed frequency operation can be achieved.

Inherits from modular multilevel structures, various modula-
tion schemes, and power control strategies for MMCs that have
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Fig. 1. Resonant type MMDC topology and different modulation schemes. (a)

Topology. (b) Conventional QSW modulation. (c) QSW modulation with zero
voltage stage added. (d) QSW modulation with constantly inserted and bypassed
SMs. (e) Proposed ATW modulation.

been validated and implemented can be extended to MMDCs
[9], [11]. However, the ac link frequency for the conventional
pulsewidth modulation (PWM) schemes is usually in tens to
hundreds of hertz, resulting in large passive components [22].
In order to achieve higher ac link frequency, quasi-square-wave
(QSW) modulation is proposed, as shown in Fig. 1(b) [23], [24].
With the QSW modulation, MMDCs operate as the convention
two-level dc/dc converter with mitigated dv/dt stress on the MFT.
The power density can be improved, and soft switching can
be achieved under certain conditions. In [25], [26], and [27],
DAB-type MMDCs with different topologies adopting QSW
modulation and single-phase-shifted control are reported, which
can achieve ZVS for all switches. Furthermore, the dual-phase-
shift control [24] and trapezoidal current control [28], [29], [30]
have been applied for DAB-type MMDC:s to reduce the current
stress and power loss, achieving higher efficiency.

The above modulation schemes regulate the ac-link voltage
by adding a zero voltage stage shown in Fig. 1(c) and are similar
to the conventional two-level converter. Besides, based on the
QSW modulation, some advanced modulation schemes and
control strategies have been employed in MMDCs. As shown
in Fig. 1(d), the ac-link voltage can be adjusted by changing the
constantly inserted and bypassed SM number, achieving wide
voltage range regulation [14], [18], [31]. Moreover, the inter-
nal phase-shifted angle is used to regulate the ac-link voltage
for MMRDC [21]. The internal phase-shifted control scheme
allows MMRDC to operate in resonant current discontinuous
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Fig.2. Topology of MMRDC.

conduction mode (DCM) with the fixed switching frequency,
achieving ZCS for LV-side full bridges and ZVS for partial
switches on MV-side SM strings. However, similar to the con-
ventional DAB series resonant converter, the forward mode
MMRDC employing the QSW modulation scheme exhibits high
current stress and reactive current when operating in a wide
voltage range and light load conditions.

To address the above problem, this article proposed a novel
asymmetric trapezoidal wave (ATW) modulation scheme with
an optimized control strategy for MMRDC. As shown in
Fig. 1(e), the string output voltage is modulated as an asymmetric
trapezoidal voltage waveform with different rising and falling
process duty cycles by assigning different internal phase-shifted
angles of SMs. Based on the time-domain mathematic model, the
optimized control method is obtained considering low current
stress and ZCS constraint for LV-side full-bridge switches. The
rest of this article is organized as follows. In Section II, the
ATW modulation for MMRDC is introduced. And Section III
provides the optimization process and control strategy. In Sec-
tion IV, experimental results are carried out. In Section V, some
discussions are given. Finally, Section VI concludes the article.

II. ATW MODULATION FOR MMRDC
A. Circuit Configuration

Fig. 2 illustrates the topology of the MMRDC proposed in
[21]. The MMRDC is mainly composed of two phases. Each
phase includes an LV-side full bridge Q;1—Q;4 (i = 1, 2), an
MFT T,;, a resonant inductor L,;, a resonant capacitor C,; and
an N series-connected half-bridge SM string. Two LV-side full
bridges connected in parallel to interface with the LV terminal.
The filter inductor Ly and two half-bridge SM strings are con-
nected in series to interface with the MV terminal. V, and V,
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Fig. 3. Proposed ATW modulation scheme.

are the voltage across LV and MV terminals, respectively. The
turns ratio of 7 is 1:n.

B. ATW Modulation

The proposed ATW modulation scheme is shown in Fig. 3.
The full bridges on the LV side employ a basic PWM control
strategy with duty cycle D. The driving signals of two full bridges
are phase-shifted by 180°. For MV-side half-bridge SMs, the
driving signals of upper and lower switches in each SMs are
complementary with sufficient dead time. The driving signal of
the upper switch is denoted as g;; (i = 1,2,j = 1,2, ..., N).
As shown in Fig. 3, K SMs are constantly inserted for each SM
string, while N—K SMs work with 50% duty cycle. Addition-
ally, an internal phase-shifted angle is introduced between two
adjacent driving signals with 50% duty cycle (gi(x+1)~giN)-
And the internal phase-shifted angles before and after r = 0
are denoted as 05 and 64, respectively. Assuming that the SM
capacitor voltage V ¢;;is well balanced, the string output voltages
veo1p1 and veg po are staircase waveforms with N—K+1 steps.
In addition, the driving signals of two strings are phase-shifted
180° with each other. Hence, a total number of N+K SMs are
inserted at any instant to withstand the MV terminal voltage.
Accordingly, the MV terminal voltage V;; can be expressed as

Ve = veip1 +veepe = (N + K) Ve. (1

Based on (1), the SM capacitor voltage V¢ can be expressed
as

Vi
N+ K’

Vo = @)
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Fig. 4. Operating waveforms of MMRDC with ATW modulation scheme.

According to Fig. 3 and (2), the dc bias component of v p1
and v 2 pa, Which are denoted as V1 and V4o, respectively, can
be calculated as

1 Vi
Vir = Vaz = 5 (KVo + NVe) = =~ 3)

In addition, the amplitude of ac components of v p1 and

Voo p2 can be expressed as
Vorps = Veans = %VM @

As shown in Fig. 3, the ac components of vy p1 and ves po
can be regarded as a trapezoidal voltage waveform in reference
to V/2 over half switching period Ts/2. When 61 #0605, the ac
components of v p1 and veg po are asymmetric trapezoidal
voltage waveforms. Hence, the proposed modulation scheme is
called ATW modulation. And when 6, = 65, the ac components
of veo1 p1 and v g po are isosceles trapezoid voltage waveforms,
namely, conventionally QSW modulation scheme [23], [24].

Fig. 4 shows the operating waveforms of MMRDC with the
proposed ATW modulation scheme. The string current of each
phase is composed of the resonant current i,; and circulating
current /s, which can be expressed as (5) where P; is the
transmission power of MMRDC

Py

.si:.'ri_I' :.T'i_7~ 5
(3 1 M 2 VM ( )

C. Transmission Power

The MMRDC operates in resonant current DCM to achieve
low switching loss in forward and backward modes. Similar to
the traditional DAB series resonant converter, the MMRDC with
the conventional QSW modulation scheme suffers large reactive
current when operating over a wide voltage range and under light
load conditions in forward mode, resulting in low efficiency [21].
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Therefore, this article focuses on the forward mode and proposes
the ATW modulation scheme to further improve the performance
of MMDC over wide power and voltage ranges.

The staircase voltage during the rising and falling processes
of voip1 and veepe are simplified into oblique lines with
different slopes in the case of a large number of SMs for practical
applications to facilitate the analysis and calculation [13]. As
shown in Fig. 4, the duty cycles of the rising and falling processes
are denoted as d 1 and d no, respectively. Referring to Fig. 3, d
= (N—K)0:1/47, dyo = (N—K)B2/47. In addition, the ranges of
dn1,dn2,and d y1+d o are setas [0, 0.5]. The ac components of
v p1 and v g po are square voltage waveforms when d yy +d o
= 0, namely dy; = dy2 = 0. And when dpy1+dn2 = 0.5,
the ac components of vo1 p1 and ve po are triangular voltage
waveforms. It should be noted that the lower limits of d ¢ and
dn2 need to be slightly greater than O for practical applications
to reduce dv/dt.

Since the operation principle of the two phases is identical, the
example of i = 1 is used in the following description. According
to Fig. 4, va1p1 and vo1p1 can be expressed as (6) and (7),
where v, is the voltage across resonant capacitor C,q

VL; to <t< t3
v t) = _ - 6
AlB1 ( ) {’UClDl(t?n 'UCrl(t)’ t3 S t < t4 ( )
1% N-K)V
%i+ﬂ%ﬂﬁ%%i@—ida o <t<ty
veipi(t) = x‘f}é, t1 <t <ty
NV, (N-K)V,
NI~ s R deeT (E—t2), 2 <t <ty
)

The power conversion of MMRDC can be viewed as the power
exchange between voltage sources v 41 g1 and v pp through the
resonant inductor L1, the resonant capacitor C,.; and the MFT
T,1. Therefore, the state equation of the circuit is obtained as

8
C dvc,l(t) _7/7"1 (t) ( )

{Lr 10 — iy (1) +nvarp () — veipr (1)

By substituting (6) and (7) into (8), the resonant current i,
and the resonant capacitor voltage v ¢,1 can be expressed as (A1)
and (A2) in the Appendix, where the resonant frequency f, and
the characteristic impedance of the resonant tank Z,. are defined
as

1 1 1
r = 9
fr= TlC'I"l 271' Lr2072 27"'\/ L,C, ®
Z _ 71 7'2 / (10)
r2

According to Fig. 4, the waveforms of i,; and v, are
symmetrical in one switching period so that the following re-
lationships for i.; and v¢,1 can be obtained, where the initial
resonant current i,.1(¢y) is zero

{in (to) = ir1 (ta) = ir1 (tg) =0

vert (to) = Vu — ver (B4) = vor (ts)

an
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TABLE I
PARAMETERS OF MMRDC TO BE OPTIMIZED

Parameters Value
LV terminal voltage V;/V 80—-100
MYV terminal voltage Vy/kV 1
Rated power Py/kW 4
Switching frequency f/kHz 10
Number of SMs per string N 4
Number of constantly inserted SMs K 1
SM capacitor C;/uF 150
Filter inductor L/mH 2.5
Resonant inductor L,//uH 85
Resonant capacitor C,/uF 4
Transformer turns ratio 1:n 1:2.9
LV-side capacitor Cp,/uF 940

0.4 0.15

03
dy 02

0.1
0.05
01 0 dy

Fig. 5. Power transmission P; versus the duty cycles of string voltage rising
process d 1 and falling process dya.

In addition, the transmission power of MMRDC P, can be
expressed as

4 [t
P=

T nUA1B1(t)i7-1(t)dt.
s Jtg

(12)

According to (A1), (A2), and (12), the transmission power of
MMRDC can be derived as (A3) in Appendix. And the numerical
solution of transmission power can be solved with (11) and (A3)
based on the parameters in Table I, which is also taken as the
instance for the following optimization and the final verification.
The resultis shownin Fig. 5, where V1, is set as 90 V. As shown in
Fig. 5, P, increases with the increase of d 1 and d 2. Hence, the
transmission power P; can be regulated by d 1 and d 2 under the
fixed switching frequency. Additionally, multiple combinations
of dn and d o exist for the same P;.

D. Switching Characteristics

For MMRDC, the switching characteristics behave differently
between LV-side full-bridge switches and MV-side half-bridge
SM switches. LV-side full-bridge switches can achieve ZCS-OFF
with the proposed ATW modulation scheme. While the switches
of MV-side half-bridge SMs have different switching character-
istics due to the dc circulating current and the values of dp; and
d N2



JIN et al.: ATW MODULATION OF MODULAR MULTILEVEL RESONANT DC/DC CONVERTER FOR CURRENT STRESS OPTIMIZATION

Sz Sy Si2
i ZCS ZVS \ ZVS
..... = V2.
VCiDi Vul2 o VCiDi  —
isi IM — . isi / -
N . Iy
la ity 1 [2) ty ts
(a) (b)
Fig. 6. Switching characteristics of SM switches. (a) String voltage rising

stage. (b) String voltage falling stage.

According to Fig. 4, taking i = 1 as an example, the resonant
current i, decreases from positive to zero after r = #, to guar-
antee the ZCS-OFF of LV-side full-bridge switches. Namely, the
minimum value of 7,; is negative. In addition, i,; should rise
to zero at t = t3 = DT, before t = t, = T,/2 to ensure the
DCM operation of MMRDC. Therefore, the following equation
can be obtained to realize the ZCS-OFF and DCM operation for
MMRDC, where I,1,, is the minimum value of the resonant
current i,

Irlm S 0

0.5 —dn2 <D <0.5.

(13)
(14)

In practice, the LV-side full-bridge switches can be turned
OFF with negative i,; before 3. It should be noted that the
ZCS-OFF of LV-side full-bridge switches can be ensured with
the ATW modulation scheme and appropriated parameters
design.

The switching characteristics of MV-side half-bridge SMs
switches are determined by the transition process of string
voltage v ¢; p; and the string current i; as shown in Fig. 6. During
the string voltage rising stage, SMs are inserted one by one. For
the inserted SM, the lower switch S;;5 can be turned OFF with
ZCS when string current i;<0, while the upper switch S;;; can
achieve ZVS-0ON with positive iy;. Asillustrated in Fig. 6(a), from
t, to ty, the lower switches of inserted SMs achieve ZCS-OFF, and
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Fig. 7. Two cases of the peak resonant current /,-1 . (a) Case 1: 1,1, reaches
during [fg, t1]. (b) Case 2: I;-1,, reaches during [t1, £2].

E. Current Stress

According to (8), (A1), and (A2), it can be proved that there
must be one peak resonant current /.1, within [#g, f2]. And
based on the different operation modes, /1, can be discussed
and solved in two cases, as illustrated in Fig. 7. According to
Fig. 7(a), the peak value of resonant current /,1, reaches at
trmax1 in Case 1, which is located within [z, #1], namely the
string voltage v p1 rising stage. Based on (Al), f,max1 and
I1, can be written as (15) and (16), respectively.

Fig. 7(b) shows that the peak value of resonant current /1,
reaches at 7,ax2 during [#1, #2] in Case 2. Therefore, according
to (A1), trmax2 and I,.1,, can be expressed as (17), shown at the
bottom of the page and (18), respectively

Irlp - irl (trmax2)

the upper switches of SMs inserted from ¢, to ¢, realize ZVS-ON. NV 2 4
During the string voltage falling stage shown in Fig. 6(b), the =y/i2, (t1) + (vcﬂ (t1) + nVy — N A;{) 7h

lower switches of the bypassed SMs can achieve ZVS-ON with + T

negative i;. (18)
1 2(N+K) wTleTS VM
trmax1 = — arct 1 (T Vp — — 15
1 Lwarcan< N K Vg ver (to) + 1 5 (15)
, 1 (N-K)Vu \° Var\® 1 1 (N—K)Vy
Lrip = ir1 (trmax1) = r1 (T VvV, — —/— - _ ) 16
tp = irt (frmax) \/(wrZr 2(N + K) leTS) F(von ) +nVe =57 ) = o Ny R an T, 00
1 NVM

trmax2 = — t TS r1(t - t 17
2= g awetan (s (von (000 = 20 ) ) 4
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Fig. 8. Current stress /.1, versus the duty cycles of string voltage rising
process d 1 and falling process dya.
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Fig. 9. Operation waveforms of MMRDC with different combinations of
dn1 and dpy2. (a) With the conventional QSW modulation. (b) With the ATW
modulation. (c) With the optimized ATM modulation.

In addition, according to (5), the peak value of string current
I51, can be expressed as (19), where P; and V), are constant
values when MMRDC operates in a steady state

by

Islp = I’rlp + W (19)
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Fig. 10. Optimized solutions with the proposed ATW modulation. (a) Opti-

mized results of D. (b) Optimized results of dp1. (c) Optimized results of d 2.

Therefore, I,.1,, can be defined as the current stress of MM-
RDC, which can also indicate the reactive power.

The curves of current stress /1, versus the string voltage
rising stage duty cycle dy; and the falling stage duty cycle dy2
is present in Fig. 8, where V) is set at 90 V. Fig. 8 demonstrates
that the current stress of the MMRDC increases with the increase
of dn1 and dy». As mentioned before, for a specific transmission
power P, there are plenty of combinations of d 1 and d o that
can be chosen. Therefore, the current stress /,1,, can be changed
by the different d 1 and d o with the proposed ATW modulation
scheme.
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III. OPTIMIZATION AND CONTROL STRATEGY

According to the preceding analysis, the current stress of
MMRDC can be optimized by the ATW modulation scheme.
Fig. 9 shows the operation waveform with different combina-
tions of dp; and dyo under the same transmission power P;.
Fig. 9(a) shows the operation waveforms with the conventional
QSW modulation, namely dy1 = dpy2. The resonant current
involves a portion of the reverse current (shadow area), which is
defined as the reactive current of MMRDC. And the reactive
current will increase the current stress of MMRDC, leading
to high conduction loss of power switches and copper loss of
transformers [32]. With the proposed ATW modulation scheme,
dnn and d s can be controlled separately, as shown in Fig. 9(b)
and (c). According to Fig. 9(b), the reactive current and current
stress of MMRDC are reduced compared to the conventional
QSW modulation when dyi<dpy2. When further increasing
d N2, there exists a specific combination of d 1 and d 2 with zero
reactive current and low current stress for the same transmission
power. The optimized operation condition with zero reactive
current is shown in Fig. 9(c). According to Fig. 9(c), i, i
resonant to zero during the string voltage falling stage. And the
ZCS-0FF of LV-side full-bridge switches is realized critically
under this condition.

Based on Fig. 9(¢c), i1 resonant to zero at f,,i,. According
to (A1), the value of ¢, can be obtained as

B 1 ver (t2) + Vi — %
trmin = t2 + J arctan 1 (N-K)Vu

r Zrir1 (t2) = o SN TR dnaTe
(20)
Besides, the f,,i, can also be expressed as (21) under this
condition

trmin = DTs (21)

Therefore, an additional constraint to realize the optimized
operating condition can be obtained by substituting (20) into
210).
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Characteristics of current stress /,1, with different modulation schemes. (a) /-1, versus Vr, and Py. (b) 1,1, versus P; under different V..

According to (11), (20), (21), and (A3), the optimized solu-
tions of dy1, dn2, and D with the proposed ATW modulation
are shown in Fig. 10. Since the MV terminal voltage is set as
the controlling target, the optimized solutions are only versus
LV terminal voltage V1, and transmission power P;. As shown in
Fig. 10(a), D rises with LV terminal voltage V1, and transmission
power P,. Additionally, d; increases with the increase of P, and
the decrease of Vi, in Fig. 10(b), while dy» increases with the
decrease of P; and V7, in Fig. 10(c). It should be noted that zero
reactive current characteristics may be lost when in light load
and low LV terminal voltage due to the upper and lower limits
of dp1 and d 2. When the terminal voltage varies over a wider
range, a cooperative control can be used to achieve low current
stress by changing the number of constantly inserted SMs in
combination with the optimized ATW modulation scheme [14].

From (15) to (18), the current stress /,,, of MMRDC with
optimized ATW modulation and conventional QSW modulation
schemes are presented in Fig. 11. According to Fig. 11, the
current stress 1.1, of QSW modulation and optimized ATW
modulation increase with the increase of transmission power P;
and the decrease of LV terminal voltage V.. The optimized ATW
modulation scheme can achieve lower current stress /,1, than
the conventional QSW modulation scheme. And the reduction is
more significant for operating conditions with low LV terminal
voltage and light load conditions.

Fig. 12 shows the theoretical and simulation values of current
stress 1,1, and root mean square (RMS) resonant current /-1 pvs
with optimized ATW modulation scheme and conventional
QSW modulation scheme. According to Fig. 12, the theoretical
value is consistent with the corresponding simulation value. Ad-
ditionally, the optimized ATW modulation scheme can decrease
I,1, while dramatically reducing /,1rms. And the difference in
currents of two different modulation schemes is more noticeable
under low LV terminal voltage and light load conditions.

Based on the previous analysis, the power loss of semicon-
ductor switches is performed in Fig. 13, including conduction
loss and switching loss. IKW40N65ET7 IGBTs are used as
both LV-side full-bridge switches and MV-side half-bridge SM
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Fig. 12.  Current stress /,-1, and RMS resonant current /1 RS Versus trans-

mission power P; based on theoretical analysis and simulation with different
modulation schemes. (a) V, =80 V. (b) V, =90 V. (¢c) VL, = 100 V.

switches. The detailed calculation processes of conduction loss
and switching loss can be founded in [21]. And the simulation
results of the power loss are obtained by PLECS. As shown
in Fig. 13, the conduction loss is relatively greater than the
switching loss, and both losses rise as transmission power P;
increase and the LV terminal voltage V decrease. MMRDC
with the optimized ATW modulation scheme can achieve lower
switching and conduction loss than the conventional QSW mod-
ulation scheme due to the lower current stress /.1, and RMS
resonant current /.1 rMS-

The control strategy of MMRDC is implemented by com-
bining closed-loop and look-up table control methods to avoid
complicated computation in real-time control, as illustrated in
Fig. 14. The MV terminal voltage v, is sampled and feedback
to generate the given transmission power p;*. The average
SM capacitor voltages of each string Vjave and Voaye are
compared to obtain the compensation Ap,* for p;* to achieve
voltage balancing between two half-bridge SM strings. With
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Fig. 13.  Power loss of switches with different transmission power P; under

two modulation schemes. (a) Vi, =80 V. (b) VL, =90 V. (¢c) V;, = 100 V.

p’s Api*, vy, and vy, the control variables D;, dy1,, and dys;
for each string can be obtained by searching the optimized
results table. Since the optimized results are discrete, the in-
terpolation method is employed to further regulate D;, dn1;,
and d 9, under different terminal voltage and load conditions.
The open loop rotation modulation scheme is adopted for the
experimental prototype to achieve SM voltage balancing [25],
[33]. N-dimensional rotational SM voltage balance sequences
R y; can be obtained with N and K, which indicate the switching
patterns of SMs within the rotational SM voltage balance period
NT for each string. Then, based on R y;, D;, dy1;, and d 2,
the driving signals for MV-side SMs and LV-side full-bridge are
generated utilizing the carrier phase-shifted (CPS) modulation
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Fig. 14.  Control block diagram for MMRDC with the optimized ATW modulation scheme.
strategy. It should be noted that the SM capacitor voltage sorting Torres =
C1D1

algorithm can be used in practical applications to achieve SM
capacitor voltage balance [34].

In practical applications, the parallel control system architec-
ture can be employed to implement the control strategy of MM-
RDC, which enables high-speed communication with scalability
and broadcasting capability [35]. The output voltage control,
string voltage balancing control, SM voltage balancing control,
and optimized control can be executed by the central controller,
generating internal phase-shifted angles and duty cycles for each
SM and LV-side full bridge. Then, the central controller sends the
internal phase-shifted angles and duty cycles to the correspond-
ing local controller for gate signal generation. Additionally, an
accurate synchronization signal, such as a synchronization data
packet, is broadcast to each local controller to inform them about
the reference phase in every switching period [36].

IV. EXPERIMENTAL VERIFICATION

In this section, a 4 kW prototype is established to verify the
present analysis. Experimental parameters are listed in Table I,
where the LV terminal voltage V, ranges from 80 to 100 V
while the MV terminal voltage V), is controlled as 1 kV. A
TMS320F28346 DSP and a C6SLX16-2FTG2561 FPGA are
utilized to implement the control strategy. The dead time is set
as 2 us. The experimental waveforms are shown in Figs. 15 -19
based on the optimized results of the proposed ATW modulation
scheme in Fig. 10.

Fig. 15 illustrates the steady-state experimental waveforms of
VA1B1,VC1D1, ir1, and iyo with the optimized ATW modulation
scheme when V;, = 100 V. When one SM is constantly inserted,
the string voltage vy p1 1S a three-step asymmetric trapezoidal
staircase waveform with a minimum value of 200 V and a
maximum value of 800 V. And the resonant currents i,; and
iro have a phase-shifted angle of 180° between each other. As
shown in Fig. 15(a), dp is 0.10 and d 2 is 0.17 when P, = 4
kW. And the peak value of i,; and i, is 17.2 A in this condition.
In Fig. 15(b), where P; = 2 kW, dy1 decrease to 0.07 and d o
increase to 0.23. Both i,; and i,o have a peak value of 11.2
A. Fig. 15(c) presents the waveforms when P; = 800 W. The
value of d 1 and d 2 are changed to 0.04 and 0.36, respectively.
The peak value of i,y and i,2 is 6.2 A. Because of the low
SM number (N = 4, K = 1) and saturation voltage of power
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Fig. 15.  Steady-state experimental waveforms of vA1 p1,ve1 D1, ir1, and ivo
with the optimized ATW modulation scheme when V;, = 100 V. (a)P; = 4 kW.
(b)P; =2 kW. (¢c) P = 800 W.

switches, the control variables dn1, dn2, and the peak value of
ir1 and i,o are greater than the corresponding analysis results.
This can be avoided in practical applications where the number
of SMs is large to sustain the MV terminal voltage (usually tens
of kilovolts). Furthermore, the positive and negative periods of
ir1 and i,o are not strictly symmetrical due to the dead time
of power devices. These experimental results demonstrate that
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Fig. 16.  Steady-state experimental waveforms with the optimized ATW mod-
ulation scheme when V;, = 100 V and P; =4 kW. (a) vo1 D1, Vo2 D2, is1, and
is2. (D) vQ11, vaQi1, and ipp1.

employing the optimized ATW modulation scheme can achieve
a low reactive current of MMRDC no matter under light- or
heavy-load situations.

As indicated in Fig. 16(a), the string voltage vy p1 and
Vo2 D2, as well as the string current i5; and is9, are phase-shifted
by 180°. And is; and iso have an —4 A dc bias when Vi,
= 100 V and P; = 4 kW. During the string voltage rising
stage, two lower switches can achieve ZCS-OFF with negative
is1 and is0, whereas one upper switch can achieve ZVS-ON
with positive is; and igs. Additionally, during the string volt-
age falling stage, i;; and iso are negative, indicating that all
SM lower switches are turned ON with ZVS. As shown in
Fig. 16(b), vg11 and vgg11 are the waveforms of the voltage
across Q11 and the driving signal of Q;;, respectively. And
irp1 1s the primary current of the transformer. The ZCS-OFF of
LV-side full-bridge switch Q11 can be achieved with the negative
turn-OFF current.

Figs. 17 and 18 show the experimental waveforms of v 41 51,
Vcipis irt, and ipo with the optimized ATW modulation scheme
when V7, is set as 90 and 80 V, respectively. These experimental
results verify that the MMRDC can achieve minimum reactive
current (hence low current stress) with the optimized results of
dpn1, dn2, and D given in Fig. 10 under different LV terminal
voltage and transmission power conditions.

Fig. 19 shows the experimental waveforms of v41 51, Vo1 D1,
ir1, and i,o with different modulation schemes when V;, = 100
V and P, = 1 kW. According to Fig. 19(a), when MMRDC
employed the conventional QSW modulation, dy; = dy2 =
0.09. And i,-; and i,9 have a peak value of 10.5 A. In Fig. 19(b),
where the optimized ATW modulation scheme is employed, d n
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and dpo are 0.05 and 0.33, respectively. The peak value of i,q
and i, is 6.8 A.

The current stress 1,1, versus transmission power P, with the
conventional QSW modulation scheme and the optimized ATW
modulation scheme is plotted in Fig. 20 when V7, is set as 80,
90, and 100 V, respectively. The current stress increase as P;
increases and V, decreases. Besides, under different LV termi-
nal voltage and transmission power conditions, the MMRDC
modulated with the proposed optimized ATW scheme has lower
current stress than the conventional QSW modulation scheme.

Fig. 21 compares the measured efficiency of the conven-
tional QSW modulation scheme and optimized ATW modu-
lation scheme, where Vj, ranges from 80 to 100 V and P,
varies from 400 W to 4 kW. Because of the lower current
stress, the high-efficiency advantage of the proposed modulation
scheme becomes apparent, especially under light-load and low
LV terminal voltage conditions.

In addition, a loss breakdown comparison of the above-
mentioned experiments with two different modulation schemes
is carried out, as shown in Fig. 22, to demonstrate how the current
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Fig. 18.  Steady-state experimental waveforms of v41B1,vc1 D1, ir1, and ipo
with the optimized ATW modulation scheme when V7, = 80 V. (a) Py = 4 kW.
(b) Pt =2kW. (c) P, =800 W.

stress decrement benefits loss reduction and efficiency improve-
ment. Itindicates that the conduction loss always accounts for the
largest proportion of MMRDC under two modulation schemes.
In this case, the overall loss can be significantly reduced by
employing the optimized ATW modulation scheme with lower
current stress, particularly under light-load and low LV terminal
voltage conditions.

V. DISCUSSION

In comparison to conventional isolated dc/dc converters,
MMDCs can operate with additional control degrees of freedom
benefiting from the modular multilevel structure. In this section,
a brief comparison with some existing modulation schemes is
provided.

For MMRDC with conventional QSW modulation, only one
control variable can be used to regulate the transmission power
with a fixed switching frequency [21]. With the proposed ATW
modulation, two control variables can be used to achieve opti-
mized current stress control for forward mode MMRDC. And
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Fig. 22. Power loss breakdown with the conventional QSW modulation

scheme and the optimized ATW modulation scheme under different V;, and
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according to the aforementioned analysis, the suppression of
reactive current is mainly achieved by controlling the duty cycle
of the string voltage falling process d 2. At the same time, the
transmission power is primarily influenced by the duty cycle of
the string voltage rising process d .

The optimized current stress control can also be realized
by adding a zero voltage stage into the ac-link voltage with
QSW modulation. However, the QSW modulation with zero
voltage stage added is only feasible when the number of string

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 7, JULY 2023

A
SlednTs 4 Dzl
veipi V2
V4181 H _
isl t
3 ¢
Iy
r‘"’r('l ™ TN
tsl tsZ ls} ts4 lsS tsG

Fig. 23.  Operation waveforms of MMRDC using QSW modulation with zero
voltage stage added.

voltage step N—K+1 is odd for some MMDC structures, such
as the MMRDC and half-bridge-type MMDCs. Fig. 23 de-
picts the operation waveforms of MMRDC with zero-voltage
stage-added modulation. The reactive current can be reduced by
increasing the duty cycle of zero voltage stage D, and decreasing
the duty cycle of the string voltage rising process dyi1 (dn1
= dy2 when using this control strategy). When zero reactive
current is achieved, this control strategy obtains the same current
suppression effect as the ATW modulation scheme but with a
much higher dv/dt stress during the string voltage falling process.
Furthermore, owing to the steeper string voltage falling process,
the turn-OFF currents of lagging bypassed SM uppers switches
increase during [741, f53] while the turn-ON currents of leading
inserted SM upper switches decrease during [#s4, ts6]. However,
because of the upper and lower limits of dy1 and d o, the ATW
modulation has a smaller regulation range than the QSW mod-
ulation with zero voltage stage added. And this drawback could
be overcome by utilizing additional control degrees of freedom,
such as increasing the number of constant inserted SMs.

VI. CONCLUSION

This article proposes an optimized ATW modulation scheme
to improve the performance of MMRDC over wide voltage and
load ranges. The string output voltage is modulated as an asym-
metric trapezoidal voltage waveform with different rising and
falling process duty cycles using the ATW modulation scheme.
And the detailed model of MMRDC under the ATW modulation
scheme is established by employing the time-domain method.
On this basis, the optimized operating point of MMRDC with
low current stress can be founded while taking into account
low current stress and ZCS constraint for LV-side full-bridge
switches. And the numerical solutions of optimized control
variables are then obtained. Finally, experiments with a 4 kW
prototype are carried out, and the results verify the feasibility of
the optimized ATW modulation scheme. Additionally, the pro-
posed concept and strategy can also be applied in other MMDCs.

APPENDIX

By substituting (6) and (7) into (8), the resonant current i,1
and the resonant capacitor voltage v 1 can be expressed as (A1)
and (A2), shown at the top of next page.

According to (A1), (A2), and (12), the transmission power of
MMRDC can be derived as (A3).
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