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Abstract

This paper proposes a capacitor voltage balancing control for load imbalance among cells in a
cascaded multi-port converter. The input/output power of the cell is controlled by adjusting the ac-side
voltage of the cell to balance the capacitor voltage even when the load imbalance occurs in the arm. The
current of the multi-port converter with the conventional controller can distort due to overmodulation of
the cell under the large load imbalance. The proposed controller prevents overmodulation with the
improved generation method of the ac-side voltage, which extends the operation region with respect to
the power imbalance. Furthermore, the proposed controller injects minimal additional circulating current
to achieve the operation for whole power conditions. The experimental results reveal that the proposed
controller improves the total harmonic distortion of the grid current by 2.9p.t. with minimal circulating
current while achieving the capacitor voltage balancing.

Introduction

Recently, cascaded multi-port converters have been actively researched as a decentralized battery
energy storage system [1]-[6], an integrated PV power conditioner [7]-[10], and so on [11], [12]. The
cascaded configuration of cells realizes a grid connection without a bulky line frequency transformer
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amounts of power to each cell according to the states of the load.

A circulating current is utilized to interact the power between the arms when a power imbalance
occurs among the arms [4], [12]. Besides, a different ac-side voltage of each cell is applied to distribute
the desired power when loads of cells within the arm are not identical. However, there is an operational
limit with respect to the power imbalance because the ac-side voltage of the cells has to avoid
overmodulation to suppress current distortion [5]-[8]. The additional circulating current (intra-arm
balancing current) prevents the overmodulation because the larger arm current reduces the required
amplitude of the ac-side voltage of the cell to gain the desired power. However, the past literature seems
that the intra-arm balancing current controllers have not been proposed with a discussion of a hardware
design of the multi-port converter, including the intra-arm balancing current effect.

This paper proposes an intra-arm balancing controller for the multi-port converter with a
bidirectional operation, which operates in all possible power conditions with the compensation voltage
injection to the ac-side voltage of the cell and the intra-arm balancing current control. The proposed
controller minimizes the intra-arm balancing current while balancing all the capacitor voltage in the
converter. In addition, the cell of the converter is designed to achieve the operation in whole power
conditions taking into account the effect of the intra-arm balancing current. This paper is organized as
follows; first, the control strategy for the multi-port converter is proposed. Next, the multi-port converter
is designed. Finally, the proposed controller is evaluated by the simulation and the experiment with a
miniature model. The experimental results show that the proposed controller prevents the
overmodulation of the cells by the minimal intra-arm balancing current and improves the total harmonic
distortion (THD) compared with the conventional controller. Moreover, the intra-arm balancing current
is minimized by the proposed controller.

Controllers for multi-port converter

The objectives of the controller for the multi-port converter are to shape the grid current and to
balance all the cell capacitor voltage in spite of the load imbalance among the cells. In order to achieve
that, the balancing controllers are installed to distribute a different amount of power among the cells.

In this paper, a voltage redundancy p is defined as a ratio of the peak-to-peak value of the grid phase
voltage to the maximum available voltage of the arm in the steady-state as
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P 2320,

where N is the number of cells in one arm, V. is the capacitor voltage of the cell, and V; is the RMS
value of the grid phase voltage.

Current controllers and inter-arm balancing controllers

Fig. 2 depicts the proposed control block diagram for the multi-port converter. The grid-side
controller controls the average capacitor voltage in the converter by controlling the input and output
power of the converter and shapes the grid current. The power is distributed evenly to each cell by the
grid-side controller. The balancing controllers redistribute the power to the cells according to the state
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Fig. 2. Proposed control strategy of multi-port converter
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balancing current command, which is explained
in detail in the following subsection. A sum of the output of the grid current controller and the circulating
current controller is the arm voltage reference, which is assumed as

Varm,ij(t): N2V“ —Kj\/EVg cos(a)gt—¢,.) ...(ie{r,s,t},je{u,l}) 2)

where K,=1, K;=—1, @, is the angular grid frequency, ¢ is the phase angle (¢.=0, ¢=273, §=473).
Note that (2) neglects the voltage drop on the arm inductor L. This paper defines the arm current as

by (=1, +321,  cos(a,t =4y = 4,) +i,,,(0) (3)

where /o, is the dc circulating current of phase i, /1 ; and ¢ ; is the RMS value and the phase angle of
the fundamental frequency component of the arm current, respectively, which is the sum of the grid
current and the circulating current for the upper/lower arm balancing, and i is the intra-arm balancing
current. Since there is no high-voltage dc-link port in the multi-port converter, as shown in Fig. 1, the
circulating current circulates through three phase legs. Thus, the circulating current of the three phases
can be different when a power imbalance occurs among the cells.

The sum of the arm voltage reference and the compensation voltage from the proposed intra-arm
balancing controller is the ac-side voltage reference of the cells. This paper adopts the phase-shifted
PWM (PS-PWM), which is suitable for decentralized control [16], [17].

Intra-arm balancing controller

The intra-arm balancing controller regulates the capacitor voltage error among the cells within the
arm by injecting the compensation voltage to the ac-side voltage reference of the cells.

Fig. 3 shows the proposed intra-arm balancing controller. The controller feedbacks the capacitor
voltage and regulates the capacitor voltage deviation within the arm to zero. The reference waveform is
obtained by multiplying a reference waveform g() to an output by the PI controller. Since the command
of the intra-arm balancing controller is the averaged capacitor voltage of the cell within the arm, the sum
of the outputs of the PI controllers over the arm is always zero, that is,

N N
Zva,ijk ()= g(t)z Vp,-,l-j,( =0. @
k=1 k=1

Eq. (4) implies that the arm voltage, which is the sum of the ac-side voltage of the cells in the arm, is
not affected by the compensation voltage regardless of any selection of the reference waveform g(¢).
Therefore, g(¢) is designed to guarantee the operation without the overmodulation over wide power
conditions. The boundary of the overmodulation for the compensation voltage is expressed as

varm,i' (t) varm,i' (Z)
- — < Vs.ijk ()< I/u,ijk - ]\j] . (5)
The maximum amplitude of the compensation voltage is calculated from the arm voltage reference and
the capacitor voltage. Besides, the compensation power Pgs;x, which is the power obtained by the

compensation voltage, is calculated as
L (7 .
By = ;fo Vi i Ol (D) (6)

4

where T, is a fundamental period. Here, a maximum and minimum compensation power Pg;jmax and
Ps;min are defined as a maximum and a minimum power in arm-ij which is generated by the intra-arm
balancing controller without the overmodulation with an arbitrary reference waveform g(z), respectively.



In order to prevent diverging the capacitor voltage, the intra-arm balancing controller has to satisfy
N

. 1
P(?,ij,min = Inkln|: cell ijk Z cell yk:|’ 8,1j ,max 2 mka'x|:Pce/l,ijk - szc'ell,ijk : (7)

k=1
For example, the reference waveform g(¢) should be adjusted so that the Psjjmax becomes large when
there is a significantly heavier load on the cell than the typical load in the arm. On the other hand, g(7)
should be adjusted to decrease Pg;min for the significantly lighter load than the typical load. Therefore,

g(?) is decided by the loaded conditions of the cells in the arm as,

P,

8.ij ,max

P,

N

1
8,ij ,min = m]flx|: cell ijk — z cell tjk:| |:F)cell,g'/'k - Nzeell,i/k . (8)
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The proposed intra-arm balancing controller calculates g(¢), fulfilling (5) and (8) online.
Fig. 4 shows an example of the ac-side voltage of the cell generated by the proposed intra-arm

balancing controller. The voltage varies
discontinuously according to the polarity of the
arm current. The amplitude of the compensation
voltage is decided from the instantaneous arm
voltage reference.

The operation region with respect to the
power imbalance is extended by the proposed
intra-arm balancing controller with the optimized
reference waveform. However, the capacitor
voltage balance is not necessarily achieved in
whole power conditions even though the proposed
reference waveform is applied. For example, it is
obvious that the compensation voltage does not
contribute to the power distribution, and the
capacitor voltage would diverge in the case of
iarm,if(£)=0 as shown in (6). It means that the intra-
arm balancing current is required under some
conditions.

Intra-arm balancing current calculation

The larger compensation power Psjjma and
the smaller Pgsjmin reduce the possibility of
overmodulation. The larger intra-arm balancing
current increase Pgsjmee and decrease P min,
which result in the extension of the operation
region. However, the large intra-arm balancing
current injection causes the large switching and
conduction losses. Therefore, the proposed intra-
arm balancing current calculation part in Fig. 2
minimizes the intra-arm balancing controller
online to suppress the loss.

Fig. 5 shows the flowchart of the proposed
intra-arm balancing current calculation. The
controller minimizes the intra-arm balancing
current in the steady-state. First, the proposed
controller calculates the maximum and the
minimum compensation power Pgjjmax and Psjmin
from the arm current with the discrete integral.
The arm current for the calculation is the
command value generated by the other balancing
controllers in this paper. Then, the controller
minimizes the intra-arm balancing current with
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the bisection by comparing the calculated Pgjjmax and Ps;min to the loaded condition. The minimization
is performed in each arm. Finally, the maximum value of the derived ;,,; for six arms is applied as the
intra-arm balancing current ;,,". The intra-arm balancing current /;,,;" is only updated when the derived
I satisfies (7) and is smaller than 7;,.; , which is the minimum intra-arm balancing current derived in
the last calculation. An update frequency of the intra-arm balancing current reference is set to be
sufficiently low not to interfere with the intra-arm balancing controller in Fig. 3. In addition, a low pass
filter with a cut-off frequency of 6.7 Hz is installed on the output of the intra-arm balancing current
calculation to prevent a step change of the current reference. In this paper, the intra-arm balancing
current reference input to the circulating current controller is 1.1 times larger than the derived value
considering the calculation error because the proposed algorithm works as a feed-forward controller.

L is increased temporarily to a sufficiently large value Lo to satisfy (7) when the power
imbalance increases as a result of the load variation. In this paper, /.0 is decided from the rated current
of the system and the given arm current condition as

[int,ij,O = \/Iarm,n2 - (Io,i2 + Il,ijz) )
where I,m,, is a rated current of the arm. The multi-port converter operates without the overmodulation
with L0 in any loaded conditions if the rated current is designed properly, as in the following section.
The initial interval of the bisection is set to i ;0 and L *, which are (9) and the minimum intra-arm
balancing current derived by the last calculation, respectively. The amplitude of the intra-arm balancing
current can be decreased. Thus, the bisection interval is changed to I,.; and zero when the power
imbalance decreases due to the load variation. Note that this paper assumes that the controller can detect
the loaded condition. This is because the applications of the multi-port converter are the integrated PV
power conditioner and the battery energy storage system, which usually measures the load voltage and
the current to perform the maximum power point tracking or control a state-of-charge.

The frequency of the intra-arm balancing current /i, has to be chosen not to interfere with other
controllers. Too low frequency of /i, increases the capacitor voltage ripple [ 18], [19]. On the other hand,
too high frequency of [ increases the voltage drop on the arm inductor, which may result in the
saturation of the arm voltage. Therefore, this paper adopts the double-frequency component as /i, as

i, ()=—21,,sin(20,1-24).  (10)

Note that the phase angle (10) is based on (2).

Fig. 6 compares the intra-arm balancing current /;,, required to operate in the power imbalance. The
conventional controller in Fig. 6 utilizes the polarity of the arm current as the reference waveform g(?)
[3], [4]. Required /;: becomes larger as the load imbalance increases. The proposed controller reduces
the intra-arm balancing current compared to the conventional controller. It reveals that the proposed
intra-arm balancing controller helps to reduce the arm current of the converter.

Design of switching devices and cell capacitors

In this section, the switching devices and the cell capacitors are designed considering the intra-arm
balancing. As described above, the intra-arm 06

balancing current is derived by the nonlinear .TE,D__ !

calculation with the discrete integral and the & 3 037 conventional T ?.Zg%;u.
bisection. Therefore, this section presents the ¢ % 00 Contfo"ﬂl Proposed controller _¢,-0
maximum arm current of the converter with the 5 % 0.0 05 1.0
proposed controller calculated numerically. 64 £ Load difference of cell

from averaged load of cells in arm[p.u]

Fig. 6. Comparison of required intra-arm
balancing current for operation in a power
imbalance. The magnitude of the minimum

load difference is set to double that of the

maximum load difference. The intra-arm
balancing current and the power imbalance are
normalized by the rated grid current and the
averaged power of cells in the arm,
respectively.

million loaded conditions were analyzed.

Fig. 7 shows the maximum intra-arm balancing
current and the maximum arm current of the
system, which is derived as a result of the
numerical calculation. The current is normalized
by the rated grid current. The maximum intra-arm
balancing current decrease as the voltage
redundancy p, which is defined in (1), increases.
Since the large p allows the cell to inject a larger
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amplitude of the compensation voltage, the required amplitude of the intra-arm balancing current
decreases. As a result, the maximum arm current is reduced. Fig. 7 reveals that almost double arm current
in the full loaded operation is required for the system when p=1.5, which is the condition in the

following simulation and experiment. /., in (9) is designed as 0.94 times as rated grid current.

Fig. 8 shows the minimum capacitance to avoid the overmodulation in whole power conditions. The

required capacitance decreases as o increases.
Since the maximum arm current is reduced by the
large p, the capacitor voltage ripple is reduced as
p increases. In addition, the cell can operate
without the overmodulation even though the
capacitor voltage contains larger fluctuation when
p is large. Practically, the cell capacitance is
required to be designed with redundancy. The
indication written as “Designed point” in Fig. 8
indicates a cell capacitance for the simulation and
the experiment in the following section.

Simulation results

Table I shows the simulation conditions. In
this simulation, both the cell with the power of
1p.u. and the cell with the power of —1p.u. are in
the same arm, which is the largest power
imbalance for the converter. One calculation of
the discrete integral in Fig. 5 is performed every
1 ms, and the update frequency of the intra-arm
balancing current command is set to 6.7 Hz,
which is also applied to the practical controller.

Fig. 9 shows the simulation results of the
steady-state operation with the load imbalance.
Fig. 9(a) shows modulation waveforms of the
cells and the arm current in the corresponding
arm. The proposed controller injects different
compensation voltages. A large second harmonic
component of 20.8 A is injected as the intra-arm
balancing current #;; in order to operate in the
severe power imbalance, which is 13.4% larger
than the theoretical minimum value. The
calculation error is 3.4% because a 10% larger i,
of the originally derived value by the controller is
applied to the system, as mentioned above. The
error is caused by the error between the current
used for the calculation in the proposed controller
and the true value. Fig. 9(b) shows the grid
current. The converter operates with a THD of

Table 1. Simulation conditions

Parameter Symbol Value
Rated power of cell P,y 2.2 kW
Grid line-line voltage V3V, 6.6 kV (RMS)
Grid frequency fe 50 Hz
Number of cells per arm N 40
Rated capacitor voltage V. 400V
Arm inductance L 158 mH (0.10p.u.)
Cell capacitance C 1.87 mF (68 mJ/VA)
Carrier frequency Sear 6.0 kHz
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Fig. 9. Simulation results of steady-state
operation with load imbalance.
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under step increase of load imbalance. controller.
0.96% despite the largest power imbalance. Fig. Table II. Experimental conditions.
9(c) shows the capacitor voltages of the cells in Parameter Symbol Value
the same arm. The capacitor voltages are balanced Rated power of cell Pea 169 W (R =100 Q)
thanks to the proposed controller. ACline-line voltage 37, 125V (RMS)
Fig. 10 shows the transient response under the DClink voltage Vae >20V
load variation. Before the load change, there is no Grid frequency Je 20 Hz
oad varia ge,

. . . Number of cells per arm N 4
power imbalance in the arm and no intra-arm Rated capacitor voltage v, 130V
balancing current #;,; flows. After the load change, AC resistance R 500
one cell is fully loaded, and a load of another cell Arm inductance L 5.0 mH (0.07p.u.)
becomes —1p.u. The command of i, increases Cell capacitance c 1.36 mF (68 mJ/VA)
rapidly after the load change. Then, i is Carrier frequency Soar 6.0 kHz

decreased thanks to the proposed controller. The
capacitor voltage of the cells and the grid current is balanced.

Experimental results

Fig. 11 and Table II show the experimental circuit and the conditions. The experimental multi-port
converter is composed of single-phase cascaded choppers, and the dc voltage source is utilized instead
of the other two phases. The variable load is installed in only one cell to emulate the condition that there
is a fully loaded cell and an unloaded cell in the same arm.

Fig. 12 shows the block diagram of the controller for the experiment. The output of the total power
controller is dc circulating current command, unlike Fig. 2. The grid current is controlled at a constant
value of 1,=2.5 A and /,=0 A to keep the voltage redundancy p constant. The proposed controller was
tested under the condition that the dc and the fundamental frequency component of the arm current flow.

Fig. 13 shows experimental waveforms in the steady-state operation with the power imbalance when
the proposed controller is applied. The different modulation waveforms and the relatively large intra-
arm balancing current #;; of 1.93 A are applied, as shown in Fig. 13(a). The error of i, from the
theoretical minimum value is 2.38%. Fig. 13(b) shows the grid current with a THD of 3.98% even under
the power imbalance. The capacitor voltage is balanced with a maximum error of 1.3% as in Fig. 13(c).

Fig. 14 shows experimental waveforms in the steady-state operation with the power imbalance when
the conventional controller [3], [4] is adopted. The conventional controller does not inject the i;.. The
overmodulation occurs in the cells on account of the large amplitude of the compensation voltage by the
conventional intra-arm balancing controller. As a result, the arm current and the grid current distort.
THD of the grid current deteriorates by 2.9p.t. compared with the proposed controller.

Fig. 15 shows the transient behavior of the converter with the proposed controller when the load in
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one cell increases from Op.u. to 1p.u. The proposed controller decreases i, and converges to 2.21 A,
which is 11% larger than the theoretical minimum value, although i;, increases after the load variation.
The capacitor voltage drops by approximately 30% of its nominal value after the load change. After that,
the capacitor voltage converges to the command value of 130 V within 1 s. The update of i, causes a
small voltage drop of 12% on the cell capacitor at 0.15 s after the load change. However, the voltage
fluctuation on the cell capacitor does not affect the grid current.

Fig. 16 shows the transient response when the load in one cell increases from 1p.u. to 0.5p.u. i
decreases to zero after the load changes, and the power imbalance in the arm decreases. The capacitor
voltage increases by 23% at maximum after the load change. The capacitor voltage converges to the
command value within 0.5 s, even though the change of i;, causes the overshoot of the voltage. The grid



Grid current [A] Grid current [A]
I 1

5.0 r 5.0 T
\ | \
AR ARARRARARARNARAATARAARAARARARARURARRARNARARAR A
0.0 IR R R il 0.0 i ! ‘IUI‘ i MI’ i I I‘J i i I i !"1“ l[\ Il‘ II\ IIHI‘”yi ‘ll ‘y'
-5.0 ¢ i } } 1 -5.0 ¢ i } | 1
DC link voltage of cell [V i
150 8! ‘[ ] 170 DC link voltage of cell ‘[V]
| Loaded |
| | |
120- i et 140 74 Unloaded — - — - - ——————
‘ ! RRAVIAON o ¢
90 +— . l i 104 ; ; Command
Arm current [A] Arm current [A]
10 T T 6.0 T T
0 ! ] 0.0 ‘ !
| \ \ | \
-10 — . T -6.0 4 T T
8.0 RMS value of intra-arm balancing current command [A] 40 RMS value of intra-arm balancing current command [A]
. I I . T I
4.0‘**'* - o 1‘ 7777777777 2.0"—*1*-0!\1;7}‘: 777777777 } 7777777777
0.0t —— T e °‘°"T fffffff bt tnar - —
-4.0 t  E— -2.0 f ;
+—>
Load change (Op.u. to 1p.u.) 0.5 [s] Load change (1p.u. to 0.5p.u.) 0.5 [s]
Fig. 15. Experimental results of transient Fig. 16. Experimental results of transient

behavior under step increase of load imbalance.  behavior under step decrease of load imbalance.

current is little affected by the load variation. These results verify that the proposed controller achieves
operation in whole power conditions with the minimum intra-arm balancing current.

Conclusion

This paper proposed the intra-arm balancing controller to achieve the capacitor voltage balancing
under the power imbalance with the minimum current injection. In addition, the maximum arm current
and the cell capacitors were designed to ensure the operation in all power conditions considering the
effect of the intra-arm balancing current. The experimental result with the designed multi-port converter
achieved both the balanced grid current and the balanced capacitor voltages of all cells. The proposed
controller improved the grid current THD by 2.9pt compared with that of the conventional controller.
In addition, the intra-arm balancing current was minimized with an error of 2.38% compared with the
theoretical minimum current.
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