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IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Capacitor Voltage Balancing for Multi-Level
Dual-Active-Bridge DC-DC Converters

Chaochao Song, Student Member, IEEE, Ariya Sangwongwanich, Member, IEEE,
Yongheng Yang, Senior Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—Capacitor voltage balancing is a critical issue
for neutral-point-clamped (NPC)-based converters, includ-
ing the two-three (2/3)-level dual-active-bridge (DAB) DC-
DC converters. The unbalanced capacitor voltage will in-
crease the voltage stress on power devices and negatively
affect the reliability of the converters. Two typical problems
during the capacitor voltage balancing process should be
solved, i.e., power fluctuation minimization and determina-
tion of the transformer current polarity. Accordingly, this
paper proposes a balancing control scheme based on the
complementary-switching-state (CSS) method. In the CSS
method, the switching states which are identified to be
adverse for balancing will be replaced by their correspond-
ing CSSs to control the neutral-point current while keeping
the voltage and current waveforms unchanged. By doing
so, the power fluctuation and current overshoot during
the balancing process can be significantly reduced. More-
over, since the dynamic voltage and current waveforms are
identical to the steady-state waveforms, the transformer
current polarity during the balancing process can be iden-
tified based on the steady-state power and current models.
Therefore, the determination of the transformer current po-
larity can be simplified compared to the traditional balanc-
ing control scheme. Finally, experimental results are carried
out to verify the performance of the proposed balancing
control scheme.

Index Terms—DAB converters, multi-level converters, ca-
pacitor voltage balancing control, dynamic performances.

[. INTRODUCTION

HE dual-active-bridge (DAB) converter is one of the

most promising interfacing DC-DC converters for various
applications, e.g., solid state transformers (SST), distributed
generation systems, and electric vehicles, due to its merits
of high power density and efficiency, inherent soft-switching
capability, and galvanic isolation [1]-[4]. A two-three (2/3)-
level DAB converter, as shown in Fig. 1, was proposed for
the applications with higher voltage rating [5], e.g., medium-
voltage photovoltaic systems (Fig. 2), where the two-level
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Fig. 1. A two-three (2/3)-level dual-active-bridge (DAB) converter: V;
and V5 are the DC-link voltages, v,; and v.4 are the terminal voltages
of the transformer with the turns-ratio being 1 : n, iy and iy, are the
terminal currents of the transformer, and L is the series inductor.
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Fig. 2. A typical medium-voltage DC (MVDC) photovoltaic (PV) system.

H-bridge of the secondary side is replaced by a three-level
neutral-point-clamped (NPC) bridge. In addition to the higher
voltage blocking capability, the 2/3-level DAB converters can
realize a higher step-up ratio, enable the utilization of lower
voltage-rating devices to save the cost to some extent, and
present more control degrees of freedom (DoFs) to improve
the performances of the DAB converters [6]—[8].

As for the modulation for the 2/3-level DAB converters,
five-level control is one of the most advantageous phase-shift
control schemes, where the transferred power is controlled
by the phase-shift angles and duty cycles. By employing the
five-level control scheme, the performance of DAB converters
in terms of the soft-switching capability, current stress, and
efficiency can be improved [9]-[11]. However, the capacitor
voltage imbalance exists in the five-level control scheme,
which can occur due to: 1) the tolerances in different power
components, e.g., the DC-link capacitors, and 2) synchro-
nization failure of the gate-driving signals [12]-[16]. Under
the voltage unbalanced condition, the voltage stress on power
devices will increase, especially when the gate-driving signals
fail to synchronize, which could exceed the voltage blocking
capability and eventually damage the devices. Moreover, the
capacitor voltage imbalance will affect the accuracy of the
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power transfer model of the DAB converters, and affect the
optimal operating conditions, e.g., efficiency [15].

To address these issues, a balancing control scheme is
required. In [12]-[14], capacitor voltage balancing control
schemes have been proposed for the NPC-based DAB convert-
ers by dynamically modifying the dwell time of the switching
states where the current is injected into/drawn from the neutral
point o. However, the waveforms of the voltage v.q and the
current 770 will be affected during the balancing process.
Consequently, the 2/3-level DAB converters will suffer from
power fluctuation and current overshoot, which will deteriorate
the dynamic performance of the converters by the increased
current stress and settling time. Besides, the determination of
the transformer current is another issue for the above balancing
methods. For the NPC-based DAB converters, under the same
switching state, the direction of the neutral-point current i,
will be affected by the polarity of the transformer current ¢z5.
In each modulation strategy, the polarity of the transformer
current 7o in the steady state can be calculated by the trans-
ferred power and current models. However, due to the change
in voltage and current waveforms during the voltage balancing
dynamic, the determination of the transformer current po-
larity is challenging. Accordingly, another capacitor voltage
balancing control scheme was proposed in [15] to decouple
the neutral-point current from the transformer current polarity
by means of switching-sequence reconfiguration. Nevertheless,
this scheme also fails to maintain the dynamics of the DAB
converters due to the changed dynamic voltage and current
waveforms. Furthermore, a capacitor voltage balancing control
scheme was proposed to improve the dynamic performance
during the balancing process by reconfiguring the waveform
of v.q [17]. However, besides certain theoretical errors, the
relationship between the direction of the neutral-point current
and transformer current was not analyzed. Consequently, the
method may fail to balance the capacitor voltages in practice
due to the uncertain direction of the neutral-point current.

In all, two major issues need to be addressed in the capacitor
voltage balancing control: 1) the power fluctuation and current
overshoot and 2) the determination of the transformer current
polarity during the balancing process. Thus, this paper pro-
poses a capacitor voltage balancing control scheme based on
complementary-switching-state (CSS) method. The CSS pairs
are two switching states that can achieve the same voltage v.q,
but have an opposite direction of the neutral-point current i,.
Specifically, when a switching state is identified to be adverse
for balancing (the direction of the neutral-point current under
this switching state is not required for balancing), it should be
replaced by its corresponding CSS. In this way, the CSS can
be used to assist the capacitor voltage balancing due to the
presence of the opposite neutral-point current. Meanwhile, the
dynamic waveforms will not be affected, since the voltage
vcq remains unchanged after the replacement of the CSS.
Therefore, the polarity of the transformer current during the
balancing process can be determined by using the steady-state
power and current models. Notably, this paper is extended
from [18] with the following major improvements by including
typical examples to show the utilization of the proposed CSS
method, a thorough characteristics comparison of the proposed

TABLE |
SWITCHING STATES FOR NPC BRIDGE

Switching state|ON switches (first arm){ON switches (second arm)|vey, /Vgn
[P] {S21,S822} {S25,S26} Va
[O] {S22,S23} {S26,S27} 0.5V2
[N] {S23,S24} {S27,S28} 0
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Fig. 3. Typical waveforms of the 2/3-level DAB converters with the five-
level control scheme.

method and the traditional balancing method, and extensive
experimental tests.

The rest of the paper is organized as follows. The analysis
of switching states with the five-level control is presented in
Section II. The proposed CSS method is detailed in Section
IIT with two typical examples to show its application. Section
IV presents the experimental results to verify the theoretical
analysis. Finally, conclusions are provided in Section V.

[I. MODULATION FOR 2/3-LEVEL DAB CONVERTERS

A. Five-level control scheme

Considering the NPC bridge, there are three switching states
for each bridge arm, i.e., [P], [O], and [N], as shown in
Table I, where the midpoint voltage v, /vg, (i.e., the voltage
between the midpoint ¢/d of each arm and the negative pole n
in Fig. 1) is equal to Vs, 0.5V5, and 0, respectively. Thus,
the terminal voltage v.q (= ven — vgn) can be five-level
(Vea € {0, £0.5V5, £V5}). Fig. 3 shows the typical waveforms
of Vap, Ved, 112, and the gate-driving signals with the five-
level control scheme for the 2/3-level DAB converters, where
Ty is a half of the switching cycle, D; and D, denote the
phase-shift ratios between the gate-driving signals of Seo and
S11, So7 and Sq1, respectively. D denotes the duty-cycle ratio,
where the duty cycle of So; and Sog is 1-D, and that of Sao
and Sg7 is 1+D. The transferred power of the 2/3-level DAB
converters is controlled by the three control variables, i.e., D1,
Do and D. It should be noted that the waveforms of vg,
Ved, and iro for the cases of Dy < Dy and Dy > Do are
identical. A similar condition also applies to the relationships
between D + D and D-. For convenience, only the condition
of D1 < Dy < Dy + D is discussed in this paper.
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TABLE Il
SWITCHING STATES WITH RESPECT TO THE DIRECTION OF THE NEUTRAL-POINT CURRENT i,

Intervals Switching States Polarity of 71,2 Value of v.q Current Conduction Path Direction of 7,
iro >0 _ So5 — Sao6 — Sa3 — Do 1o >0
[A, B] [OP] T <0 0-5V2 D1 — S22 — D2 — Das i0 <0
iro >0 D3 — Sg6 — D22 — D2y 0 <0
[C. D] [PO] iro <0 0.5v2 So1 — Sa9 — So7 — Dy o >0
] iro >0 D2g — D27 — Sa23 — Do 0 >0
[a, b] [ON] ir2 <0 0.5V2 Di — Sa2 — Sa7 — Sog o <0
ir2 >0 _ D3 — S26 — S23 — So4 10 <0
[c, d] (NOJ 12 <0 0-5V2 D1 = Das — S27 = Dy 0> 0
A
= | | 170 . —>
S2152 . — ,—a’occurs Veu (V) - Sa S : -
S2250 *»IH’—[: » 150 o C . Dy, . D5 Cy
IS | I V V ~ 22 Sz ~
S27S25 > 130 CL % L l:I_} 1
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Fig. 4. Capacitor voltage imbalance due to the asynchronization of the
gate-driving signals. (a) Waveforms of the gate-driving signals when an
extra phase-shift angle o’ occurs on S22 and Sa4. (b) Waveforms of the
two capacitor voltages.

B. Analysis of Switching States

It is clear that only during the intervals where the voltage v.q
is £0.5V5, i.e., [A, B], [C, D], [a, b], and [c, d] in Fig. 3, the
current can flow through the neutral point o. In normal state,
the charges injected into and drawn from the neutral point
during each switching cycle are identical. Thus, the voltages
of the two capacitors Cyy and C', are balanced. However, if
the gate-driving signals are not perfectly synchronized, the
balanced condition will be broken, resulting in an unbalanced
capacitor voltage. Fig. 4 illustrates an unbalanced condition
when an extra phase-shift angle o’ appears on the gate-
driving signals of Soo (i.e., the gate-driving signals of So;
and Soo fail to synchronize), where o’ = 0.017y; (i.e., 1.8°).
To overcome the capacitor voltage imbalance caused by the
asynchronization of the gate-driving signals and the tolerances
in the power components, the utilization of the switching states
during the four intervals, i.e., [OP], [PO], [ON], and [NO] in
Fig. 3, should be modified to change the direction or dwell
time of the neutral-point current i,,.

In order to do so, the direction of the neutral-point current
i, under the four switching states should be identified. For
each switching state, the direction of the neutral-point current
i, will be affected by the polarity of the transformer current
ir2. For instance, during the interval [A, B], the switching
state [OP] is applied, which means the gate-driving signals of
S29, Sa3, Sos, and Sog are at high level. When the transformer
current 41,5 is positive (from the primary side to the secondary
side), the current will flow through Ss5, Sag, Sa3, D2, and
will be injected into the neutral point o (i.e., i, > 0), as
shown in Fig. 5 (a). Therefore, the upper capacitor Cy; will be
discharged during this condition. On the other hand, when the
transformer current ¢y is negative, the current will be drawn
from the neutral point o (i.e., i, < 0), as shown in Fig. 5 (b),
and Cy; will be charged. With a similar analysis, the switching

(a) (b)

Fig. 5. Current conduction paths of the switching state [OP] when ipo
is: (a) positive, and (b) negative.
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Fig. 6. A traditional capacitor voltage balancing control scheme under
the condition Voy > Vo, when I [A,B] > 0, and Iy, [C, D] > 0.

states with respect to the direction of the neutral-point current
i, can be obtained, as summarized in Table II.

I11. CAPACITOR VOLTAGE BALANCING CONTROL
A. Traditional Balancing Method

If the voltage of the upper capacitor Cy; is higher than that
of the lower capacitor C'r, a positive neutral-point current
i, 1s required to charge the lower capacitor. Otherwise, a
negative neutral-point current 4, is required to charge the upper
capacitor. Fig. 6 demonstrates a traditional balancing method
under the condition I;5 [A, B] > 0, and I;5 [C, D] > 0
when Voy > Ve [12], in which Ipo [A, B] and 119 [C, D]
denote the average transformer current during the intervals [A,
B] and [C, D], respectively. Note that due to the symmetry of
the voltage and current waveforms, the direction of I [a, b]
and I7» [c, d] is opposite to that of I;o [A, B] and I12 [C,
D], respectively. In Fig. 6, 51 and (3, are the regulated phase-
shift angles, K is the upper threshold for the output signal of
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the proportional-integral (PI) controller, and M is a multiplier.
During the balancing process, the switching sequence should
remain unchanged to avoid the waveform distortion. Thus, the
regulated phase-shift angles should satisfy that 81 < DTj,
and 2 < DTys. According to Table II, it can be seen that the
neutral-point current i, will be positive during the intervals
[A, B] and [c, d], and negative during the intervals [C, D]
and [a, b]. Therefore, for the condition Voy > Veor (e,
i, > 0 is required), the switching states during the intervals
[A, B] and [c, d], i.e., [OP] and [NO], are beneficial for the
capacitor voltage balancing, which are defined as beneficial
switching states. On the other hand, the switching states [PO]
and [ON] during the intervals [C, D] and [a, b] are defined
as adverse switching states since they will accelerate the
imbalance. To increase the charges injected into the neutral
point, the intervals [A, B] and [c, d] should be increased
while the intervals [C, D] and [a, b] should be decreased by
increasing the phase-shift angles for So; and Su7, as shown
in Fig. 6, where the dotted lines denote the waveforms after
applying the capacitor voltage balancing control scheme.
However, from the expression of the transformer current:

diLQ(t) o m)ab(t) — vcd(t)
dt n2L,

it can be seen that when the voltage v.q4 changes during the
balancing process, the transformer current iz, will also be
affected. This will lead to current fluctuation and may cause
large overshoots, which will increase the current stress of
the power devices. If the peak current exceeds the rated and
activates the protection system, the DAB converter may be shut
down completely. Furthermore, from the power expression:

1 Ths
- / nvap (1)ina(£)dt @
hs Jo

it can be seen that the transferred power will also fluctuate
along with the changed current 75, which will negatively
affect the dynamics. The dynamic performance of the DAB
converters will be related to 3, and (2. That is, with larger
£1 and (5, the balancing period can be accelerated, but
the current/power fluctuation will be increased. Besides, the
beneficial and adverse switching states should be identified
according to the polarity of the dynamic transformer current
during [A, B], [C, D], [a, b], and [c, d], which is difficult to
be determined due to the changed dynamic waveforms.

D

P =

B. Proposed CSS Balancing Method

To overcome the above challenging issues, a capacitor
voltage balancing control scheme based on a CSS method is
proposed in this section. From (1) and (2), it can be seen that
if the waveform of the voltage v.q remains unchanged during
the balancing process, the transferred power will also remain
constant, and the dynamic performance of the converters
can be improved due to no power fluctuation and overshoot
current. Therefore, when a switching state is identified to be
adverse for the balancing control, if it can be replaced by
another switching state which can change the direction of the
neutral-point current 4,, and realize the identical voltage v.q4 at
the same time, the capacitor voltages can be balanced without

TABLE Ill
CHARGING/DISCHARGING CONDITION OF THE CAPACITORS DURING
EACH INTERVAL UNDER MODE |

Steady State Balancing State

Intervals Formed Capacitor | Condition | Formed Capacitor | Condition
[A, B] Cu Discharge Cu Discharge
[C, D] Cu Charge Cr, Charge
[a, b] Cr Discharge Cu Discharge
[c, d] Cr Charge Cr, Charge

any current/power fluctuation. Those are the CSS pairs, defined
as: with the same polarity of the transformer current ¢z, two
switching states that can realize: 1) the same voltage v.4, and
2) the opposite direction of the neutral-point current %,. Under
such principles, it can be seen from Table II that there are two
pairs of CSSs: [OP] and [NO], [PO] and [ON]. Due to the
symmetry of the voltage and current waveforms, there will be
two beneficial switching states and two adverse ones during
each switching cycle. After the two adverse switching states
are replaced by their CSSs, the employed four switching states
will all be beneficial switching states, which can improve the
capacitor voltage balancing process.

According to the above analysis, with different transformer
current polarity during the four intervals [A, B], [C, D], [a,
b], and [c, d], the two adverse switching states will change.
Thus, the implementation of the proposed CSS method under
different transformer current polarity should be discussed.

For the condition Vo > Vo, during I7- [A, B] > 0 and
Ir5 [C, D] > 0, it can be seen from Table II that the neutral-
point current during [A, B] and [c, d] is positive, and that
of [C, D] and [a, b] is negative. Since ¢, > 0 is required
for charging the lower capacitor, [OP] and [NO], which are
employed in the intervals [A, B] and [c, d], are beneficial
switching states. On the other hand, [PO] and [ON] during the
intervals [C, D] and [a, b] are adverse switching states. This
can also be confirmed according to the charging/discharging
condition of each capacitor. Under the switching state [OP]
during the interval [A, B], the current conduction path is the
same as Fig. 5 (a). It can be seen from Fig. 5 (a) that the
voltage v.q is formed by the upper capacitor Cy, and the
capacitor Cy will be discharged during [A, B]. Thus, [OP] is
identified as a beneficial switching state since it can assist the
capacitor voltage to achieve balancing. With a similar analysis,
the charging/discharging condition of each capacitor during the
other three intervals can be obtained, as shown in Table III. It
can be seen from Table III that the two switching states during
[C, D] and [a, b] are adverse switching states, which should
be replaced by their CSSs, i.e., [PO] should be replaced by
[ON] during the interval [C, D], and [ON] should be replaced
by [PO] during the interval [a, b], respectively. After the
replacement, the upper capacitor Cy; will be discharged, and
the lower capacitor C', will be charged during each switching
cycle, which can be seen in Table III. Therefore, the switching
states after applying the CSS method are all beneficial for
capacitor voltage balancing. In all, the implementation of the
CSS method in this condition is shown in Fig. 7, which is
defined as Mode 1. The shaded areas in Fig. 7 denote the
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Fig. 7. lllustration of the proposed CSS method for Mode I: I'1.5 [A, B] >
0 and Iy [C, D] > 0, under the condition Vo > V.

intervals where the switching states should be replaced by
their CSSs. In Fig. 7, a; and ¢; (¢ = 1,2,3,4) denote the
phase-shift angles and duty cycles of the gate-driving signals,
which can be expressed as

a1 = (D1 + D)Ths, a0 = D1Ths
= DoThs, 04 = (D2 + D)Ths 3)
01 =@4=(1—D)Ths,p2 =3 = (14 D)Ths

Additionally, in Fig. 7, o} and ¢} (i = 1,2,3,4) denote
the phase-shift angles and duty cycles after applying the
CSS method. During the balancing process, the dotted lines
denote the steady-state gate-driving signals, while the solid
lines denote those after applying the CSS method. The control
variables during the capacitor voltage balancing process can
be obtained as

o) = aj + (a3 —az), oy = as

Mode I:¢ of = asz, o) = ag — (a3 — aa) 4)

Therefore, to achieve the CSS method in this mode, the gate-
driving signal for So; should be delayed by an angle of
ag — ao, i.e., (Dy — D1)Tys, and that for Spg should be
advanced by the same angle. In this way, the switching states
during the intervals [C, D] and [a, b] are replaced by their
CSSs. The waveform of the voltage v.4 is similar to the steady-
state voltage waveform. In addition, according to Table III, the
voltage v.4 is equal to Vo during [A, B] and [C, D] in steady
state, whose values are higher than 0.5V, and v.4 is equal to
Ve during [a, b] and [c, d] , whose values are lower than
0.5V5. After replacing the switching states during [C, D] and
[a, b], the voltage v.q4 is equal to Vo1, during [C, D], and equal
to Vo during [a, b]. As a result, the slopes of the transformer
current will be different between steady state and balancing
state during [C, D] and [a, b] according to (1). However, the
severe capacitor voltage imbalance (e.g., Voy = V5 and Vo
= 0) is not prone to occur if the balancing control scheme is
employed from the beginning. In addition, the dwell time of
the four intervals is limited. Therefore, the current and power
fluctuation caused by the difference between Vo and Vi
will be limited, which can be ignored in practice.

With a similar analysis, the implementation of the CSS
method under other three conditions, i.e., Irs [A, B] > 0

and I [C,D] <0, I;5 [A,B] < 0Oand Iy, [C,D] >0, I19
[A, B] < 0 and I» [C, D] < 0O can be obtained, as shown in
Fig. 8, which are defined as Modes II - IV, respectively. The
control variables during the balancing state can be given as

o, =a;(i =1,2,3,4)

3

Mode IT: < ) = @1 + (a3 — 2), 95 = pa + (g — a2)
@3 =3+ (a3 — ), ¢ = pa + (a3 — a2)
oy = ai + (a3 — az),ab = as + (az — a3)

Mode 111 - @3 = @8 ~ (08 = a2), 0 = as = (a5 — a2
¢ =1 — (a3 — az), ¢y = p2 — (a3 — a2)
@3 =3+ (a3 — ), ¢ = pa + (a3 — a2)
oy = ar,ah = as + (a3 — as)

Mode IV : ¢ af = a3z — (a3 — az),a), = ay

SO; = Pi, (7’ = 1727374)

&)

On the other hand, for the condition Voy < Ve, since

the required neutral-point current ¢, is negative, which is

opposite to that of the condition Vo > Vo, the beneficial

and adverse switching states will also be opposite. Thus, the

implementation of the CSS method under the four conditions

Iro [A,B]l > 0and I;5 [C,D] >0, I;5 [A, B] > 0and I;»

[C,D] <0, Irs [A,B] <0 and I, [C, D] > 0, Iy [A, B]

< 0 and I;5 [C, D] < O are similar to Modes 1V, III, II and
I, respectively.

C. Application of the CSS Method

According to the above analysis, the polarity of the trans-
former current in the CSS method can be obtained by using the
steady-state current and power models due to the unchanged
voltage and current waveforms during the balancing process.
The dwell time of the intervals where the switching states
should be modified (i.e., [A, B], [C, D], [a, b], and [c, d]) is
(Do — D1)T},s, which is further determined by the modulation
schemes and operating conditions. Two examples are given
to exemplify the proposed CSS method in typical operating
conditions.

e Example 1: Zero-voltage-switching (ZVS) modulation is
employed in many applications to reduce the switching losses
[19]-[21]. The ZVS constraints for the secondary side of the
2/3-level DAB converters have been discussed widely as [19]

ir2(A) > 0,ir2(B) > 0,ir2(C) > 0,ir2(D) >0 (6)

Thus, in the ZVS modulation strategies for the 2/3-level DAB
converters, the current polarity during the intervals [A, B] and
[C, D] is positive. In this way, the operating mode can be
determined as Mode I for the condition Vo > Vo, and Mode
IV for the condition Voy < V.

e Example 2: The DAB converters are generally expected to
operate under the condition k = 1 (k = nV;/V3), especially
when the two DC-link voltages are constant, since the soft-
switching capability can be enhanced and the circulating power
can be reduced in such a condition. For the condition of £k = 1,
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the transformer current of the four critical points A, B, C, D
can be calculated based on (1) as

VoThs
ir2(A) = T;L’“ (1.5D; — 0.5D5 — 0.5D)

VoThs
ira(B) = n2 "5 (Dy — 0.5D)
. V2Ths ™
ZLQ(C) = 2L (Dl + 05D)

VoThs
ir2(D) = :QLh (0.5D; + 0.5D3 + 0.5D)

Thus, the average current during the two intervals [A, B] and
[C, D] can be obtained as

VoThs
I5[A, Bl = —"(1.5D; +0.5D5 — D)
2n2 L )
VvQThs
I12][C,D] = 37 (1.5D; + 0.5D3 + D)

where it can be seen that I75[C,D] > 0 is satisfied with
all combinations of the control variables D, Dy, and D.
However, the polarity of the average transformer current
during the interval [A, B] should be further analyzed. For each
modulation strategy, the control variables can be determined
under a certain reference power according to the power and
current models. Based on it, the polarity of I72[A,B] can be
calculated. This model-based method can be used to identify
the current polarity in all operating conditions (in addition to
the condition k£ = 1). On the other hand, it can be calculated
from (8) that I15[C, D]—|I2[A, B]| > 0. Since the dwell time
of the two intervals [A, B] and [C, D] is identical, there will
be more charges injected into/drawn from the neutral point
during the interval [C, D] than that during the interval [A, B].
Therefore, the switching state employed in the interval [C, D]
is the dominant one for regulating the capacitor voltages. In
this way, the polarity of I1,2[A, B] will not affect the direction
of the neutral-point current during the entire switching cycle.
Thus, one of Modes I and III can be applied for the condition
Veuv > Ve and one of Modes II and IV can be applied
for the condition Voy < Vep. Compared to the model-
based method, this method simplifies the balancing process
significantly. However, the balancing time may be increased
due to the uncertain polarity of I;[A, B].

Furthermore, for other operating conditions, e.g., the two-
side DC voltages are not matched (i.e., & # 1), the transformer
current polarity can be obtained based on the model-based
method, and then, the corresponding mode can be selected. In
summary, the proposed CSS method can be realized by the
following three steps: 1) Based on the unbalanced conditions
Veu > Ver, or Vou < Ver), the required direction of the
neutral-point current can be determined; 2) The beneficial and
adverse switching states can be identified based on the polarity
of the transformer current; 3) The two adverse switching states
are replaced by their CSSs, as shown in Fig. 9.

IV. EXPERIMENTAL RESULTS

To verify the performance of the proposed capacitor voltage
balancing control scheme based on the CSS method, experi-
mental tests are performed based on a 2.5-kW setup, as shown
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Fig. 8. lllustration of the proposed CSS method under the condition
Veu > Ve with: (a) Mode II: I [A, B] > 0 and I1» [C, D] < 0, (b)
Mode lI: I3 [A, B] < 0and I2 [C, D] > 0, and (c) Mode IV: I15 [A, B]
<0and 15 [C,D] < 0.
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Fig. 9. Control structure for the proposed CSS method.

in Fig. 10. A dSPACE MicroLabBox is employed as the
control system, and the main parameters of the experimental
system are shown in Table IV.

Fig. 11 shows the experimental results by using the tra-
ditional balancing (TB) method (i.e., Fig. 6), where the input
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?

\#NRCbridge, 1

Fig. 10. Prototype of a 2/3-level DAB converter.

TABLE IV
MAIN PARAMETERS OF THE EXPERIMENTS
Parameters Values
Rated power P 2.5 kW
Input voltage V1 150 vV
Reference output voltage Vare ¢ 300 V

Transformer turns-ratio n 2

Series inductor L 100 pH
DC capacitors C1, Cy and Cp, 680 uF
Switching frequency fs 10 kHz

Semikron SK35GB12T4

Power switches (IGBT)

voltage is 150 V, the reference output voltage is 300 V, and the
output DC load is 57.5 €. In addition, the steady-state control
variables are: Dy = 0.2, D = 0.2, and D, is regulated by
a closed-loop control system to achieve the reference output
voltage. The capacitor voltage imbalance is realized by shifting
an extra angle for the gate-driving signal for Sso and Soy4
(o/ = 0.05T}, in Fig. 4 (a)), which is maintained after the
balancing control schemes are enabled. When the deviation of
the two capacitor voltages reaches 50 V, i.e., Vo — Ve =50
V, the balancing control scheme is employed. According to the
analysis in Section III, the regulated phase-shift angles should
satisfy that 81 < DTy and B < DT} (61 and B3 can be seen
in Fig. 6). Thus, the maximum value for these two regulated
phase-shift angles is 0.27},s, which is also the maximum value
of the upper threshold K (see Fig. 6) when the multiplier M is
applied as 1. From Fig. 11, it can be seen that with various K,
the performance in terms of the increased peak current, and
the settling time will be different. In Fig. 11 (a), K = 0.197},,
is employed, and it can be seen that the two capacitor voltages
can become balanced after a balancing period of ¢; = 25 ms.
Meanwhile, the peak value of the transformer current 7,5 will
increase from 9 A in the steady state to 20 A, which leads to an
overshoot current as A = 11 A (122% increment). Besides,
the output voltage will also fluctuate with an increased value
AVy = 6 V during the balancing process. After the capacitor
voltage balancing process is completed, the DAB converter
will realize the reference output voltage (i.e., 300 V), and
enter the new steady state with another period of t5 = 15
ms. Therefore, in the traditional balancing method, the total
settling time ¢, is 40 ms (t5 = t; + t2). The overshoot current
in the traditional balancing method can be reduced when K is
decreased, which can be seen in Fig. 11 (b) and (c). However,
the settling time will be increased in the meanwhile, being 48
ms and 53 ms, respectively, resulting in a slower dynamic of
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Fig. 11. Experimental results with the traditional balancing (TB) method
for the condition Voy — Ve, = 50 V with Do = 0.2, and D = 0.2 under:
(a) K = 0.19T},, (b) K = 0.15T},, and (c) K = 0.17},,. (d) Zoomed-in
transient waveforms under K = 0.197},,.

the balancing process. The zoomed-in experimental waveforms
of Vgp, Ved, and 2z are shown in Fig. 11 (d), where the upper
threshold K is applied as 0.197},. It can be seen from Fig. 11
(d) that when the traditional balancing method is employed,
the waveform of the voltage v.4 will be affected during the
transition due to the regulated phase-shift angles. Therefore,
the peak value of the transformer current will increase, and
the transferred power will also fluctuate.

On the other hand, with the same parameters, the dynamic
performance of the 2/3-level DAB converter with the proposed
CSS method is shown in Fig. 12, where Mode I is selected
to regulate the capacitor voltages. It can be seen from the
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Fig. 12. Experimental results with the proposed CSS method for the
condition Vo — Vo, = 50 V: (a) waveforms of the output voltage,
capacitor voltages, and transformer current, and (b) zoomed-in transient
waveforms of the transformer voltages and current.
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Fig. 13. Experimental results with the proposed CSS method for the
condition Vo, — Voy =50 V.

results in Fig. 12 (a) that when the CSS method is employed
under the condition Vo — Vor = 50 'V, the balancing control
can be completed within ¢{; = 33 ms. During the balancing
process, the overshoot current and output voltage fluctuation
are effectively eliminated. The entire settling time is 33 ms
without an extra regulating period (i.e., to in Fig. 11). Fig.
12 (b) shows the zoomed-in transient waveforms of vy, Vg,
and iro, where it can be seen that the waveform of v.4
after employing the CSS method is similar to the steady-
state voltage waveform. Therefore, the transformer current and
power will also remain unchanged, which leads to smooth tran-
sition during the balancing process. Similarly, the experimental
results for the condition Vo < Vp are shown in Fig. 13,
where the operating parameters are identical to those in Fig.
12. The initial capacitor voltage imbalance for Voy < Vg
is realized by adding an extra phase-shift angle of the gate-
driving signal for So; and S»3. Similar to the analysis for Fig.
12, the overshoot current and output voltage fluctuation can be
significantly reduced when the proposed method is adopted.
The comparison between the proposed CSS method and
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Fig. 14. Experimental results with the proposed CSS method under
different capacitors Cyy = 680 uF and Cp, = 1020 uF with Dy = 0.11
and D = 0.08.

i
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traditional balancing method under different transferred power
and control variables for the condition Vo — Vo, = 50 V
is summarized in Table V. It can be seen from Table V that
with the traditional balancing method, the current overshoot
AI and output voltage fluctuation AV; can be reduced when
the upper threshold K decreases. However, the settling time %
will be increased. By contrast, with the proposed CSS method,
the current overshoot AJ and output voltage fluctuation AV5
can be significantly reduced. Besides, although the capacitor
voltage balancing time ¢; of the CSS method may be increased
compared to that of the traditional balancing method with
a large K, the total settling time ts can be reduced due to
no extra regulating time ty to realize the reference output
voltage. Therefore, the overall dynamic performance of the
converter is improved. Furthermore, since the voltage and
current waveforms after employing the traditional balancing
method are fluctuated during transient, the identification of the
transformer current polarity will be more difficult compared
to the proposed CSS method due to the unchanged dynamic
waveforms. In addition, the value of the upper threshold K
should be modified under different operating conditions to
compromise the overshoot current and settling time in the
traditional balancing method. Therefore, the balancing control
can be simplified with the proposed CSS method.

In addition, different upper and lower capacitors will also
lead to capacitor voltage imbalance. Fig. 14 shows the exper-
imental results, where the upper capacitor Cy is 680 pF, and
the lower capacitor C, is 1020 uF. It can be seen from Fig.
14 that the deviation between Vo and Vo is around 20 V
caused by the different capacitors. After applying the proposed
balancing control scheme, the two capacitor voltages can be
balanced without current/output voltage fluctuation. Thus, the
unbalanced condition due to the tolerances in the capacitors or
uneven degradation of the capacitors can be solved effectively
by the proposed balancing method.

Furthermore, the experimental transient waveforms with
step changes in the reference output voltage and load are
shown in Fig. 15, where the proposed balancing control
scheme is enabled from the beginning. In Fig. 15 (a), the
input voltage is 150 V, and the output voltage changes from
300 V to 350 V. It can be seen from Fig. 15 (a) that the two
capacitor voltages can be kept balanced during the transient
process, which means the balancing control is retained during
the transient. A similar condition applies to Fig. 15 (b), where
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TABLE V
EXPERIMENTAL RESULTS FOR THE CAPACITOR VOLTAGE BALANCING CONTROL SCHEMES UNDER DIFFERENT OPERATING STATES
States | Control Variables | DC Load/Transferred Power | Balancing Methods ts AT AVs
K=014T),: t; =t1 +t2=58+12=178ms | 10A | 45V
1 Do =0.35 R =450 Traditional method K=01Tps: ts =t1 +to =7.5+11.5 =19 ms 8 A 2.8V
D =0.15 P = 2000W K=0.05Tps:ts =t1 +12 =145+13 =275ms | 4.5 A 2V
CSS method ts =t1 = 16.0 ms 1.0A | 1.3V
K=0.19Tphs: ts =t1 +t2 =6.6 4 16 = 22.6 ms 12 A 5V
9 Do =0.30 R = 57.5Q Traditional method | K = 0.15T}4: ts = t1 + t2 = 8.7+ 15 = 23.7 ms 10A | 46V
D =0.20 P = 1565W K=0.10Tphs: ts =t1 +t2 =14+ 18 = 32 ms 7.5 A 4V
CSS method ts =t1 = 13.0 ms 1.2A | 32V
K=0.11Tps: ts =t1 +t2 =35+ 23 = 58 ms 85A | 16V
3 D2 =0.15 R = 8092 Traditional method K=0.07Ths: ts =t1 +t2 =65+ 18 = 83 ms 6 A 10V
D =0.12 P =1125W K=003Ths:ts =t1 +t2=120+15=135ms | 25 A | 7.5V
CSS method ts =t1 = 37.0 ms 09A |40V
K =0.07T),: ts = t1 + t2 = 47 + 20 = 67 ms 14A | 18V
4 Do =0.11 R =950 Traditional method K =0.05T}s: ts =t1 +t2 =65+ 18 = 73 ms 7TA 13V
D =0.08 P = 947TW K=0.03Ths: ts =t1 +1t2 =854 18 = 103 ms 35A | 85V
CSS method ts =t1 = 58.0 ms 0.8A |42V
V2 =300V V, =350V pairs were obtained. In the proposed CSS method, the ad-
Tek Prevu — Moise Filter Off . . .
T ‘ T ‘ ; verse switching states are replaced by their CSSs. After
V(100 Vidiv) § ] that, the voltage and current waveforms during the balancing
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Fig. 15. Transient response by applying the proposed CSS method with
a step change in: (a) output voltage from 300 V to 350 V, and (b) load
from 78 Q to 59 Q.

the reference output voltage keeps constant at 300 V, and the
load changes from 78 €2 to 59 Q (i.e., the transferred power
changes from 1150 W to 1530 W). Therefore, the capacitor
voltages can be balanced by employing the proposed balancing
control scheme during the transients.

V. CONCLUSION

This paper proposed a capacitor voltage balancing control
scheme based on the CSS method for the 2/3-level DAB
converters. The relationships between the neutral-point current
and the polarity of the transformer current under different
switching states were analyzed first. As a result, two CSS

four switching states during each switching cycle are all ben-
eficial for regulating the capacitor voltages without dynamic
power fluctuation and overshoot current. Furthermore, due to
the unchanged dynamic waveforms, the transformer current
polarity can be obtained based on the steady-state power
and current models, which can simplify the identification for
the current polarity. Experimental results have validated that
the proposed CSS method can achieve better dynamics. In
addition to the capacitor voltage imbalance caused by the
asymmetries between capacitors or gating-driving signals, the
proposed balancing control can also be applied in the bipolar
DC systems, where the voltage imbalance can also occur due
to different loads.
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