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Abstract: A high-power charging station for electric vehicles usually adopts a parallel structure
of multiple power modules. However, due to the parameter differences among power modules,
a parallel system always has circulating current issues. This paper takes a non-isolated AC/DC
charging module as the research object and proposes a current sharing control strategy for multiple
power modules based on the consensus algorithm. By constructing a sparse communication
network with the CAN (Controller Area Network) protocol and exchanging current information,
accurate current sharing among power modules is realized. Firstly, the zero-sequence circulating
current issue is analyzed through a parallel model of the three-phase rectifier, with an improved
circulating current restraint strategy proposed based on the zero-sequence voltage compensation.
Then, the principle of the consensus algorithm is explained, which is applied to the current sharing
control of multiple power modules. Finally, the proposal is tested by the designed simulation and
experimental cases. From the obtained results, it can be seen that the proposed control strategy can
effectively realize accurate current sharing among multiple power modules and well restrain the
zero-sequence circulating current at the input side.

Keywords: three phase rectifier; parallel connection; zero sequence current; current sharing;
consistency algorithm

1. Introduction

Nowadays, with the fast development of electric vehicles, the charging station industry has
received widespread attention. According to the form of the output voltage, electric vehicle charging
stations can be divided into two types: The AC charging station and DC charging station. AC charging
stations transmit AC power directly to the electric vehicle. Due to the single-phase input structure,
the charging power of an AC charging station is limited. However, a DC charging station, which has
a three-phase input structure, can realize higher power transmission. Commonly, the first stage of
a DC charging station is a three-phase rectifier, and the second stage is a DC chopper for output
voltage control. The rectifier circuit, which develops from uncontrolled rectification to phase-controlled
rectification, and then to PWM (Pulse Width Modulation) rectification, is the core of a charging station.
Among these circuits, the three-phase voltage type PWM rectifier has low current harmonics, a high
power factor and adjustable output voltage, which can realize the green conversion of electric energy.
Therefore, voltage-type PWM rectifiers are widely used in active power filters (APF), reactive power
compensators, direct current transmissions, superconducting energy storage, and electric vehicle DC
charging stations.
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The parallel work of three-phase AC/DC charging modules has been increasingly used for
high-power charging station. However, if the AC and DC sides of a rectifier have no electric isolation,
a zero-sequence path will be established among the parallel charging modules [1-3]. Once the
parameters of the parallel charging modules mismatch, a zero-sequence loop will be generated,
which will increase power loss, lead to the distortion of the AC current waveform, and reduce system
performance. At present, the methods for solving the zero-sequence current issue can be broadly
separated into two categories: One is the hardware suppression method, and the other is the software
suppression method. In References [4,5], an isolation transformer is added to the AC input side of each
rectifier to block the zero-sequence path. Another hardware method is to use passive components,
such as a common mode inductor and current balancer among parallel rectifier modules [6]. However,
the above hardware suppression methods will undoubtedly bring about an increase in system cost.
On the other hand, as the zero-sequence modulation signal is the main cause of the zero-sequence
circulating current, the issue can be solved from the perspective of software. In References [7,8],
a zero-vector distribution method was used for the SVPWM (Space Vector Pulse Width Modulation)
control strategy. However, an extra zero-sequence loop was required in each converter. When more
than two converters work in parallel, it is not easy to implement this method. In References [9,10],
the multi-carrier method is proposed to reduce common-mode voltage, which has a limited ability
in suppressing the zero-sequence loop. A fractional proportional integral (PI) controller was used to
control the circulating current of two PWM rectifiers [11]. In References [12-14], a discrete nonlinear
and variable structure controller was developed based on SVPWM. Although communication is not
required, the method is complicated to implement.

Output current sharing errors among charging modules is another key issue in the parallel system.
To realize output current sharing in the parallel system, the droop control method is commonly
used, which is simple and practical. However, the control accuracy of current and voltage cannot
be obtained [15,16]. In Reference [17], a voltage conversion rate is proposed to improve the droop
control. Although the situation is improved compared with the traditional droop control, the voltage
and current precision cannot be achieved at the same time. In References [18,19], the master-slave
control manner is adopted. If the main module breaks, the whole system will immediately crash.
Reference [20] proposes a master—slave control method, based on maximum current automatic current
sharing, which solves the redundancy problem caused by the crash of the main module. However,
low frequency oscillation will appear in the current.

In view of the insufficiency of the circulation current suppression methods mentioned above,
in this paper, an improved SVPWM control strategy with superimposed zero-sequence voltage
components is proposed. Only the zero-sequence circulation current is sampled and suppressed,
while the complex zero vector allocation is not required. In addition, for the issue of non-uniform
current in the system, a current sharing strategy, based on the consistency algorithm, is proposed,
by constructing a sparse communication network with the CAN protocol and exchanging current
information, accurate output current sharing among power modules is realized.

This paper is organized as follows. The mathematical model for the parallel system of multiple
rectifiers is deduced in Section 2, and the causes of the circulating current are analyzed in detail.
In Section 3, an improved SVPWM control strategy for compensating the zero-sequence voltage
is proposed. In Section 4, a sparse communication matrix among modules is established, with a
current sharing strategy based on the consistency algorithm proposed. The effectiveness of the
proposed control strategy is finally verified through results from MATLAB simulations and a 10 kW
experimental platform.

2. Parallel Connection of Non-Isolated AC/DC Charging Modules

In this section, the topology of a non-isolated AC/DC charging module is given, and the
mathematical model for the analysis of the zero-sequence circulation is deduced in detail.
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2.1. Multi-Module Parallel Topology

Figure 1 shows the parallel topology of two isolated AC/DC charging modules. The first stage is
a three-phase voltage type rectifier, and the second stage is a buck chopper. The AC side is powered by
a three-phase 380 V line, and the DC voltage is output through the filter inductor and the three-phase
rectifier bridge. The filter capacitors at DC side are C1, C2, in which voltages are adjusted by the
buck circuits.
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Three-phase voltage rectifier e
Figure 1. Non-isolated AC/DC charging module parallel topology.
2.2. Mathematical Model Analysis of Zero-Sequence Circulation

The AC side and DC side in the non-isolated AC/DC charging module are connected directly.
According to Kirchhoff’s current law (KCL) and Kirchhoff’s voltage law (KVL), the mathematical
model of the parallel system in Figure 1 can be written as follows.
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where E,, Ep, E; are the three-phase grid voltages; iz, iy, icn (1 = 1, 2) are the three-phase grid side
currents of the two parallel rectifiers; Uy is neutral point voltage; day, dyy,, den (1 =1, 2) are the duty
cycles of the three-phase bridge arm in one switching cycle; L1, L are the AC filter inductors; and Vj,
is the value of the output voltage.
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Other definitions are as follows: i,; is the zero-sequence current of rectifier 1; i, is the
zero-sequence current of rectifier 2; and i, = —izp, i; = iz + iy + ic, d; = dg + dp + dc. According to
d-q coordinate transformation, the above equations can be expressed as:
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According to the definition of zero-sequence loop and zero-sequence duty cycle, the above
equations can be simplified to:

d idl 1 Ed 0 —w idl 1 ddl
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where Ad, = d,; — d,».

Therefore, it can be seen that, when two rectifiers are connected in parallel, a zero-sequence
circulation path will be generated, resulting in zero-sequence circulation current. If the circulation
current is not suppressed well, the system will have a great bad impact such as AC side current
waveform distortion. The magnitude of the circulating current is determined by the difference between
the zero-sequence duty ratios (d,; and d) of the two rectifiers.

3. Improved SVPWM Suppression of Zero Sequence Circulation

SVPWM is usually used in the control of the three-phase voltage type rectifier. When SVPWM
is used, the zero vector of the three-phase rectifier will change, resulting in a zero-sequence current.
The SVPWM control strategy improved by zero vector allocation is the most common method to
suppress zero sequence circulation. However, when there are more than two parallel modules,
the calculation of zero vector allocation is very complex. Therefore, an improved SVPWM method
based on zero-sequence voltage compensation is adopted in this paper, which only needs to calculate
its own zero sequence current.

The equivalent circuit diagram of the zero-sequence loop is described as follows.

As seen in Figure 2, the path of the zero-sequence current flow only contains small damping such
as the inductance, the parasitic resistance and the line impedance. Therefore, only a small difference
between the zero-sequence voltages can lead to large zero-sequence current. According to KVL and
KCL, the following equations can be obtained:
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di .

(L1 + LZ)TT = —(Ry + Ry)ig1 + Un1 — Un2 (11)
di()z .

(L + Lz)ﬁ = —(Ry 4+ Rp)igz + Un2 — Uny (12)

where L, and L, are the inductances of rectifier 1 and 2; R; and R; are the sum values of the parasitic
resistance and line resistance of rectifier 1 and 2; and Uy, Un, are the neutral point voltages of the two
rectifiers. As can be seen from the above equations, if the zero-sequence voltage difference between
the two parallel rectifiers can be adjusted to a value infinitely close to 0, the zero-sequence current
between the two parallel rectifiers will be greatly reduced.
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Figure 2. The equivalent path of the zero-sequence loop.

According to the principle of SVPWM, the phase modulated wave of each phase in the
seven-segment is a saddle-shaped wave. Because it is doped with third harmonic and three
times multiple harmonics, and the value of each phase comparator can be expressed by the
following equations:

Taon = (Ts - Tx - Ty)/4
Tpon = Taon + Tx/2 (13)
Teon = Tyon + Ty/2

where T; is the time of each carrier cycle for the maximum voltage vector of SVPWM; and Ty, Ty are
the durations of the two adjacent vectors, which occur successively in each cycle. The zero-sequence
voltage of the compensation is defined as uy. Thus, the comparison values of the phase-modulated
voltage after zero-sequence voltage compensation are as follows:

Taon = (Ts — Ty — Ty)/4—|—u0
Tyon = Taon + Tx/2+ug (14)
Teon = Tpon + Ty/2 +up

The corresponding control block diagram can be expressed as Figure 3:

sypwm

r 1T
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Figure 3. Zero-sequence loop suppression block diagram.

As shown in Figure 3, the zero-sequence loop suppression needs to sample the zero-sequence
current (i) first, where iy = %(ia + iy + ic). By setting the reference value of the zero-sequence
current to 0, the zero-sequence loop can finally be suppressed to a small value close to 0 through
the PI regulator. The small value is called Aip, the product of Aiy by T is calculated to obtain the
zero-sequence voltage component of the required compensation. A new three-phase modulation
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amount is obtained by adding the three-phase modulated waves Ty, Tyo,, and Teon, respectively,
to the zero-sequence voltage compensation component, which is then compared with the triangular
wave to generate the final control signals m,, m;, m.

For the rectifier parallel model analyzed above, since the zero-sequence loop path is provided
by the parallel rectifiers, when one of the zero-sequence loops is suppressed, the other path of the
zero-sequence loop will be blocked. Therefore, when there are N rectifiers working in parallel, it is
only necessary to use the zero-sequence loop suppression method for any of the N-1 rectifiers.

4. Consistency-Based Current Sharing Control

The first-stage rectifier of the charger converts the three-phase alternating current of the grid side
into the direct current, and the output voltage is regulated by the second-stage Buck circuit to meet the
charging demand of the battery. The differences among the output characteristics of the Buck circuits
may cause inconsistent output currents among the modules. As a result, the service life of each module
becomes unbalanced, so the redundancy of the parallel system is greatly reduced. The control mode of
the second-stage Buck circuit adopts a double closed loop control strategy, which is composed of a
voltage outer loop and a current inner loop [21].

If there are N charging modules in the parallel system, each charging module can be regarded as
a communication point that provides current information. The information topology among parallel
charging modules can be regarded as a non-connected graph, composed of N current communication
points. Set iy as the current value of the information node m, and k as the number of the present
iteration. In the parallel system, the current value of each communication point is adjusted according
to the current output of its adjacent charging modules, and its value is iterated following the current
communication with the adjacent charging modules. As the number of the iteration times increases,
the output current sharing errors among the parallel rectifiers will become smaller and smaller,
eventually reaching uniform convergence or within a small error range. The uniform stacking formula

can be expressed as:
N

im(k+1) = im(k) + Y Smn(in(k) — im(k)) (15)
=1

where i,,(k) and i, (k) are the current values of node m, n in the kth iteration; &, represents the
iteration coefficient; and N is the total number of information nodes.
The whole system can be written in the following matrix form:

I(k+1) = WI(k) (16)

where W is the weight matrix of the communication network.

1) = [ 4(K) bk il | (7)
1= Y o5 - o1IN
JEN
W=E—¢L= : : (18)
on1 e 1=} Oy
JENN
€ 2 (19)

" ML)+ Ava (L)

In the Equation (18), E is an N-order unit matrix; ¢ is a value which determines the convergence
speed; and A;(L) is the L-value eigenvalue of matrix i. Assume that i(0) is the initial current value of
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each communication point, and A indicates a column vector where all the elements are 1. Eventually,
the current of all nodes converge to:

limi(k) = lim W(k)i(0) = (1

k—o0 k—o0 n

A-A1)i(0) (20)

A diagram of the consistency-based current sharing control [22-24] for the charging module is
represented in Figure 4.

| Communication link |<—
W S
—_—— — S —_— —
r Consistency Voltage I
| ja algorithm command |€—
I iteration |~ calculation |
I Ik+1 Ur I

|
| I, v |
r Current .
I — inner loop | Ac/pC I ' T
L '

Figure 4. Block diagram of consistency-based current sharing control.

5. Simulation and Experiment

In this paper, a parallel system which is composed of three charging modules is built ina MATLAB
simulation to verify the validity of the proposed control strategy. The simulation parameters of the
charging module are as Table 1.

Table 1. Simulation system parameters.

Grid line voltage 380
Grid frequency 50
Pre-stage rectifier inductor 4 mH
Pre-stage rectifier capacitor 3000 uF
Output DC voltage 800V
Post-buck circuit inductance 6 mH
Post-buck circuit capacitor 2 mF
The output voltage 600 V
Load impedance 2002
Module 1 line impedance 010
Module 2 line impedance 0.14 Q2
Module 3 line impedance 0120
Zero axis Kp 0.04
Zero axis Ki 0.2

The simulation analysis and experimental verification of the proposed control strategy are
explained in Sections 5.1 and 5.2.

5.1. Zero-Sequence Circulation Suppression Simulation Results

Since the line impedances of the three parallel charging modules are inconsistent, not only will
the inconsistent output current occur among the modules connected in parallel, but the zero-sequence
circulation will also appear. To solve the above issues, the circulation issue must be first solved,
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and then the current sharing issue. As shown in Figure 5, the zero-sequence circulation will cause a
distortion in the current waveform at the AC side. The magnitude of the zero-sequence loop is shown
in Figure 6. The max value is up to 5 A, while the current on the AC side is only 15 A.

20 ]
10
<
0
B
8 -10 ‘
| : |
- 1 1 |
28.1 0.15 0.2 0.25
Time (s)

Figure 5. Zero-sequence loop suppression measures grid-side current.
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Figure 6. Zero-sequence circulation current.

According to the method introduced in Section 3, N charging modules in parallel need only use
loop suppression for any N-1 modules. Therefore, only module 1 and module 2 need to suppress the
circulation. With the method of compensating zero-sequence voltage component, the zero-sequence
circulation current is effectively suppressed. The current waveform distortion at the AC side is
significantly reduced, and the harmonics are small as shown in Figures 7 and 8. Meanwhile, at the DC
side, the output currents become smoother.

20 ‘ !
Ak 1Y |
2 108fY i : Fy
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Figure 7. Shows the grid side current after taking the loop suppression measure.

Current (A
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Figure 8. Zero-sequence current after taking loop suppression.
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5.2. Current Sharing Simulation Results

For the current sharing errors shown in Figure 9, this paper proposes a current sharing control
method based on the consistency algorithm. The main circuit of the charging module is divided into
a three-phase voltage rectifier and a DC chopper. The DC/DC circuit adopts voltage and current
double closed loop control. Each charging module samples the output DC current, then the consistency
algorithm is used, in which the current values of local module and neighbor modules are iterated.
The output error value is then superimposed on the outer voltage loop. As shown in Figure 10,
the output current of DC2 is transmitted to DC1 through CAN communication for iteration, and the
output currents of DC3 and DC1 are transferred to DC2 and DC3 for iteration, respectively. Through the
interaction of the current information on the reference voltage terminal, the output voltages are adjusted
in real-time to achieve accurate current sharing.

20 | | | | | | |
I I I I I I I
5L~ N B I R [ N Lo
2 | | 7, | | |
= I I | | | |, I
” T T | | l | |
B 10peme = : = : e e ‘T
8 I I I ]i I I I
5p----- B Rt EEEEE B R EEEEE e REEEE
I I I I I I I
I I I I I I I
0 Il Il Il Il Il Il Il
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Figure 9. DC side output current after the loop suppression measure.

D7)

N NG

Figure 10. Parallel system communication topology.

As shown in Figure 11, the output current of each module before 0.4 s has a significant difference,
and the output currents are 11.7 A, 9.8 A and 8.5 A, respectively. The calculation equation of the
uneven flow rate is:

Al = (Imax - Imin)/Iave (21)

Time (s)

Figure 11. DC side output current after current sharing.

The uneven flow rate calculated from Equation (21) is 32%. The consistency algorithm starts at
0.4 s. Then, the output currents gradually become uniform, and they are almost the same at 2 s. It can
be seen that the proposed method has an obvious current sharing effect and uniform current accuracy.
The dynamic response is fast: when the load suddenly increases at 3 s, and a 40 () resistor is connected
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in parallel, the current sharing accuracy of the system is still satisfactory. The proposed method can,
not only achieve a very high current sharing performance in a steady state, but also maintain a high
current sharing accuracy in a transient state.

Figure 12 shows the DC output voltages of the three charging modules. The output voltage is
600 V due to the control of the voltage loop before the current sharing measure is taken. Starting the
consistency algorithm at 0.4 s, the output voltages of the three modules are 600.2 V, 600 V, 599.8 V.
After 3 s, the load suddenly increases, so the output voltages adjust to 600.25 V, 599.75 V, 600 V soon
after. Therefore, the method can obtain extremely high voltage accuracy while achieving extremely
high current sharing accuracy.

604 ; ; ; ; ;
I I I I I
602 77777777 \_ - 1l oo L —
5 | | U, L
Z 600l 1 1 o &
g) I I U\ I Z’
& 598F ----- - R e 3 T -
6 I I I I
> 596L - ————-- - B oo S _
I I I I
I I I I I
5945 1 2 4 5 6
Time (s)

Figure 12. DC side voltage after current sharing.

In order to further verify the practicability and effectiveness of the proposed control strategy,
the corresponding experimental verification is carried out. The software flow chart of the consistent
current sharing algorithm is shown in Figure 13. Charging module 1 is connected in series with
0.1 Q2 line impedance, and the series resistance of modules 2 and 3 are 0.15 () and 0.2 (), respectively.
The load impedance is 20 (), and the output DC voltage is 400 V. Figure 14 shows the zero-sequence loop
generated by the parallel system when the output current is not equal. According to the graph analysis,
the AC side currents of the parallel charging modules without the loop suppression method produce
different degrees of distortion. After the suppression of the voltage component, the current waveform
on the AC side is significantly improved, and the zero-sequence loop is effectively suppressed,
the waveform is shown in Figure 15.

Cnitial system operatioh\<_
N T
—Are the currents equal? —
Collect neighbor node v
current information es
Update current
¢ END ipnformation
Currents information
iteration
Whether the i i
Update voltage values > et eretnjslteratlon

Figure 13. Consistency algorithm CAN communication flow chart.

However, due to the different line impedances of the various charging modules, it can be seen
from Figure 16 that the output currents are 4.2 A, 6.9 A and 8.9 A. The consistency algorithm starts
at 7 s, and CAN communication is used to exchange current information among adjacent rectifiers,
in which the communication cycle is 10 ms. The currents of the three modules tend to be consistent
after 1.25 s to achieve the current sharing effect. The uniformity of the consistency algorithm not only
achieves high-precision current sharing in steady state, but also achieves a good current sharing effect
in transient mode. The current waveforms are shown in Figure 17.
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Figure 17. Load spike.



Energies 2018, 11, 2828 12 of 13

6. Conclusions

This paper proposes a SVPWM control strategy based on the compensation of zero sequence
voltage and a current sharing strategy based on the consensus algorithm for non-isolated AC/DC
charging modules. The main contributions of the paper are as follows:

1. Only the zero-sequence circulation current is sampled for feedback control to inhibit circulation,
which does not require complex calculation and no communication is required among modules,
thus reducing the communication burden.

2. Compared with the droop control method, the proposed current sharing control strategy can
ensure the voltage accuracy while maintaining the current sharing accuracy.

3. Compared with the master—slave control, the proposed current sharing control strategy has no
master module or slave module, which greatly increases redundancy.

Finally, the effectiveness of the proposed loop and current sharing control strategies are verified
through simulation and experiment results. The proposed method is superior to traditional control
strategies and provides an effective solution for the parallel operation of non-isolated AC/DC
charging modules.

Additionally, power supply systems, particularly for high power levels, are made of several
converters in parallel. Predictive diagnostic can effectively reduce the adverse effects of system failure.
But today’s predictive diagnostics usually follow a centralized way instead of a distributed networking
way, which is less scalable. This problem can be improved by constructing a sparse communication
network with the CAN (Controller Area Network) protocol, which can be the focus of future research.
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