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Abstract—A PWM converter-based power hardware-in-the-
loop (P-HIL) testbed offers a rapid and cost-effective solution
for prototype testing of high-power converters in electric vehicles
and smart grid industries. To simplify the configuration and to
avoid the need for an additional bidirectional DC supply, the
power amplifier (PA) can share the DC-link with the device
under test (DUT). However, this leads to a low-frequency zero-
sequence circulating current (ZSCC) between PA and DUT due
to the coupling of AC and DC ports. This ZSCC significantly
distorts the three-phase current evaluated in the test. This paper
proposes an enhanced control method, integrating a stand-alone
zero-sequence voltage (ZSV) feed-forward compensation and a
linear active disturbance rejection control (LADRC) strategy.
This approach not only suppresses the ZSCC flowing through
the PWM converters of PA and DUT but also compensates for
parameter uncertainties and dynamic ZSCC variations due to
power injection change, thereby enhancing the overall system
performance. The effectiveness of this combined control strategy
is demonstrated through experimental results, highlighting its
potential to improve accuracy and reliability in the P-HIL
testbed.

Index Terms—Parallel-connected converters, Zero-sequence
circulating current, feedforward control, linear advanced distur-
bance rejecting control.

I. INTRODUCTION

HE recent growth of electric vehicle and renewable en-

ergy industries has increased the demand for high power
pulse-width-modulation (PWM) converters [1]-[4]. This in-
creased demand highlights the need for fast and cost-effective
test facilities. A power hardware-in-the-loop (P-HIL)-based
testbed can offer a solution for testing the converters under
various conditions, providing risk-free operation without af-
fecting the grid or loads, and saving time [5], [6]. Sharing the
DC-link between a power amplifier (PA) and the device under
test (DUT) simplifies the testing process and reduces costs by
eliminating the need for separate DC power supplies for the
DUT, and minimizing overall losses as the power is circulated
only between the PA and DUT [7]-[11].

Although direct interconnection of AC and DC ports be-
tween the PA and DUT converters eliminates the need for a
bulky and heavy transformer, it may introduce an unwanted
zero-sequence current. This phenomenon is consistent with the
characteristics of zero-sequence circulating current (ZSCC),
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which is recognised as a main issue in parallel PWM con-
verters [12], [13]. In typical parallel converters, ZSCC has
no impact on phase current output by the overall converter
system, but this current flows only between parallel-connected
converters, causing additional losses and potential instability.
On the other hand, in a P-HIL testbed, the asymmetry between
the PA and DUT converters leads to a larger ZSCC than in
a typical parallel converter, causing severe distortion of the
AC three-phase current output by the DUT-side converter, and
making the test unstable [11]. Therefore, this ZSCC must be
eliminated for the proper test with the P-HIL based testbed.

According to frequency ranges where ZSCC occurs, dif-
ferent suppressing methods should be applied to the paral-
lel converter. The high-frequency ZSCC arises due to the
difference in common-mode (CM) voltages output by each
converter, primarily creating current ripples at the switching
frequency [14]-[17]. In this case, even though most of the
current ripple can be reduced by CM passive filters, addi-
tional reduction can be achieved using modified modulation
techniques. On the other hand, the low-frequency ZSCC is
caused by the difference in zero-sequence voltages (ZSVs),
and methods using controllers have been studied to suppress
the related generated ZSCC [18]-[20]. In parallel converters
with high symmetry, satisfactory reduction can be achieved
with simple proportional and Integral (PI) controllers [12].
Nevertheless, in cases of asymmetry in converter parameters
and operating conditions, each converter output ZSV with
different magnitudes and phases generates periodic ZSCC. In
such scenarios, the linear PI controller is ineffective due to
the periodic error under the steady-state condition, leading
to the application of proportional-resonant (PR) controllers to
reduce ZSCC [21]-[23]. Alternatively, the periodic ZSCC can
be converted to the synchronous d-q axis components, and the
error can be removed using a PI controller [20]. Since this
ZSCC contains multiple harmonics across various frequency
ranges, dominant harmonics in ZSCC can be removed by using
multiple PR controllers [19], and repetitive controller [24].
In addition, to achieve further and faster response reduction,
control methods using feed-forward compensation for ZSV
differences are proposed [11], [25], [26].

Despite many studies proposing methods to reduce ZSCC
in parallel converters as described above, there are several
limitations to applying conventional ZSCC reducing methods
to the P-HIL testbed. In fact, P-HIL tests usually require for
strict performance while serious ZSCC is caused due to severe
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Fig. 1. Configuration of P-HIL based testbed for DUT evaluation.

asymmetry compared to the conventional parallel converters
[11]. Moreover, since the PA and DUT converters operate with
independent controllers, applying conventional feed-forward
compensation methods is challenging. In a previous study
of this paper [11], a method using standalone feed-forward
compensation by estimating the DUT-side ZSV based on the
synchronous frame d-q axis voltage model has been proposed.
Although the use of standalone feed-forward compensation
can significantly suppress ZSCC in steady-state conditions, it
may not operate optimally when the P-HIL testing involves
the change of the processed power by the DUT due to the
non-perfect knowledge of the converter model parameters.
However, if the external disturbances and model uncertainties
cannot be directly measured, a possible solution can be to
estimate and compensate with a proper control action. The
linear active disturbance rejection control (LADRC) based
on the linear extended state observer (LESO) is a promising
strategy to deal with this issue [27]. In [28] and [29], an
LADRC strategy has been explored for ZSCC suppression
in paralleled converters in micro-grid applications. However,
its effect is not experimentally evaluated and the use of a
combined PR-LADRC control strategy is not studied.

This paper introduces an advanced ZSCC suppression solution
deploying a LADRC, in addition to the feed-forward compen-
sation and the PR control solution, evaluated in [11].

This paper is organized as follows. In Section II, the causes
and effects of ZSCC in the P-HIL testbed are described in
comparison with typical parallel converters. In Section III,
general methods for suppressing ZSCC and their limitations
in the P-HIL testbed are described, and the LADRC with
FF compensation method proposed in this paper for further
suppressing ZSCC 1is described in detail. In Sections IV
and V, simulation and experimental results verify that the
proposed method is effective in suppressing the ZSCC in the
P-HIL testbed under steady and dynamic operation. Finally,
the conclusion is presented in Section VI.

II. OCCURRENCE OF ZSCC IN P-HIL TESTBED

Fig. 1 shows a circuit configuration for the performance
test of a three-phase converter, which is defined as a device
under test (DUT), using a power hardware-in-the-loop (P-HIL)
based testbed. The P-HIL testbed consists of a power amplifier
(PA) and a unidirectional DC power supply. The PA, which is
based on a three-phase PWM converter, provides three-phase
voltage sources emulating a grid voltage source or an electric
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Fig. 2. Equivalent circuit on zero-sequence of P-HIL based testbed.
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Fig. 3. ZSV of two parallel converter and ZSCC due to the difference of
ZSV. (a) symmetrical condition (b) asymmetrical condition.

machine to the DUT through AC ports. Additionally, the
testbed provides DC voltage sources for the DUT to perform
the test. This test configuration has the advantage of enabling
cost-effective testing of the DUT through power circulation
without dissipating power using resistive loads. However, in
addition to the current loop for the power circulation between
the PA and DUT, there is another loop on the zero-sequence,
as depicted in Fig. 2. The zero-sequence circulating current
(ZSCC), icc, defined in (1) can be caused inside this loop, if
zero-sequence voltages (ZSVs), v, and v,5, output by the
converters of the PA and DUT are different from each other
as given in (2).

. a1l el Fher | a2t ip2 tic2
lec = 3 - = 3

(1

lee = 7}7 /(vzsl - Ust)dt (2)

Fig. 3 shows the occurrence of the ZSCC due to the
difference in ZSVs in detail. If the two ZSVs are almost the
same as each other, as shown in Fig. 3(a), little circulating
current will occur because there is almost zero ZSV difference.
However, if the two converters present different output power
and parameters, the voltage difference in magnitude and phase
angle will cause ZSCC to flow (Fig. 3 (b)). As described in
[19], the ZSV is approximately equal to the sum of three-phase
reference voltages, and it comprises third and other harmonics,
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Fig. 4. Analysis on Voltage vectors of parallel-connected converters. (a)
General parallel converters (b) P-HIL testbed in this paper.

corresponding to a fundamental operating frequency of the
converter, as follows,

v cos(3nd) 3)

. _75’3 3V3V

55 < 7(9n* — 1)

1=

Where V; and 6 are the magnitude and phase angle of the
reference voltage vector of the converter, respectively.

In the general two-parallel converter, the ZSV difference
can be defined as (4), and the ZSCC can be derived as (5)
from (4) considering the impedance of the filters between the
two converters.

o *
AUOff = Vzs1 = VUzs.2

= 3V3 (4)

m(vl*cw(i%nf)) — V5'cos(3nd + ¢))

. Vi*tang > V3
Toe = Zn ; O = 1)cos(3n9) 5)

If the two paralleled converters are operated under identical
conditions, the phase angle difference, ¢, is almost zero, so
there is no ZSV difference and ZSCC. Even though there is
a little asymmetric operating condition, the ZSCC will not be
a serious problem in practice if general suppressing methods
are applied to the converter, because the ZSV difference is not
large enough. In the case of the test in Fig. 1, on the other hand,
as depicted in Fig. 4(b), the magnitude and phase difference
between the two voltages is larger than in the case of Fig.
4(a), resulting in a larger ZSCC. Furthermore, in the typical
parallel converter, the ZSCC flows through the internals and
is not output from the entire converter system, but in the test
in Fig. 1, the actual three-phase current, i,p.2, output by the
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Fig. 5. Block diagram for ZSCC suppressing control

DUT includes the ZSCC, and the ideal phase currents, i}, o,
are distorted as expressed in (6).

ia? = i:g - Z.cc
Z'b2 = iZQ - Z'cc (6)

leg = 222 —lee
This means that the ZSCC must be removed to perform an
accurate and correct test of the DUT. As mentioned earlier, the
ZSCC can be caused in this test is not only larger than those of
typical parallel converters, but the DUT-side converter does not
provide any data to the P-HIL testbed and includes a controller
for suppressing the ZSCC, so cooperative control with the
DUT is not possible. To solve these problems, a method that

is effective enough to completely suppress ZSCC by the PA-
side converter alone is required.

III. ZSCC SUPPRESSION IN P-HIL TESTBED

In this section, the characteristics and limitations of com-
monly used proportional-resonant (PR) controllers for ZSCC
suppression in parallel converters are first highlighted. Sub-
sequently, the integration of the standalone feed-forward (FF)
compensation as well as the linear active disturbance rejection
control (LADRC) for ZSCC suppression are described.

A. Conventional control methods with PR controllers

As described above, since the configuration of the P-
HIL testbed and DUT is similar to typical parallel-connected
converters, it is expected that ZSCC can be suppressed by
applying a proportional-resonant (PR) controller with a closed-
loop system, as shown in Fig. 5. The PR controller transfer
function is described in (7) as Gpr(s).

KRS

G = K -
PR(S) PPR T 5 SCues + 2

(7
In (7), Kp pr and Ky are the proportional and integral gains,
respectively, w,. represents the PR controller cut-off frequency,
and w, is the control resonant frequency whereby, the PR
controller achieves high-gain control at the frequency at which
ZSCC occurs.

Moreover, the plant’s overall transfer function GPT(s) is
defined based on the sampling time step and pulse width
modulation (PWM)

Gypr(s) = Grwm(s) Gr(s)
GPWM(S) = 1/(1 + 15TSS) (8)
GF(S) = 1/2(RF + LFS)
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Fig. 7. Block diagram for feed-forward compensation [11].
Fig. 6. Bode diagram of Multiple PR controllers with different gains.

To overcome these issues, the previous study of this paper,
where Ts is the sampling period, wheredR¢ is the Iter [11], proposed a stand-alone ZSV estimation using a syn-
resistance andl¢ the Iter inductance value. chronous frame model and a feed-forward compensation. Fig.
However, there are limitations in using only PR control t§ Shows the equivalent circuit for the d-q axis synchronous
suppress ZSCC in the P-HIL testbed. As presented in (fg?me of both the PA and the DUT side converters. Although

and (5), ZSV and ZSCC comprise ripples corresponding fg's not possible to obtain data about the ZSV on the DUT, the
3n(n=1,3,5, .., 2m-1) order harmonics. If only t&& PA side converter can acquire three-phase currents, parameters

harmonic is suppresse®” and 15" order harmonics still Of inductors between PA and DUT, output voltage reference
remain and degrade the current quality in the P-HIL tef PA, and its phase angle. Therefore, using voltage equations

As a consequence, multiple PR controllers are required ff the d-q axis synchronous frame, the d-q axis voltages of
suppressing ZSCC in the different frequency bands that mag§ DUT side converter can be estimated as shown in (9) and

the controller design a less trivial task. (10) (see Fig. 7).

Furthermore, as described in Fig. 4, in the P-HIL testbed, a 0= Vg1 2(Reig 'L Figa)

larger ZSCC occurs than with typical parallel converters. For 0=V, 2Reiq+ IL fia) 9)
this reason, the PR controllers require higher gains to provide 427 Yal Flar @ -= Fdl

enough impedance at the resonant frequencies to suppress tiéen, the estimated d-q axis voltages can be transformed
ZSCC. However, as shown in Fig. 6, higher integral gadrs into the estimated ZSV as expressed in (9).

lead to a reduction of the phase margin and hence a worsening max(¥.,; 0., ¥.,) + min(9,; ¢, ;0.

of the control system stability. Therefore, the exclusive use Ys2= a2 b2 2 > a2 bz 2 (10)

of the PR controller to reduce the ZSCC is limited by the

. I . . . —_Although this method can effectively reduce ZSCC dur-
potential stability degradation and a more challenging des%n - .
procedure. g steady-state conditions, concerns regarding performance

degradation due to parameter errors and slow dynamic re-
sponse persist because the method relies on the a simpli ed
converter model.

B. Model-based Feed-forward Compensation

In order to enhance the response and performance in Sgp- | jnear Active Disturbance Rejection Control strategy for
pressing the ZSCC, one of the methods that can be addmonzﬁgcc suppression

employed is a feed-forward compensation. As shown in Fig. 5 | h based ller for th
and (4), the main cause of ZSCC is the ZSV differencey To complement the FF-based PR controller for the ZSCC

which can be de ned as a disturbance from the viewpoint GHPPression presented above, this paper proposes the use of
the control system. In this regard, it is expected that if thi Im_ear active disturbance rejection contrql (LADRC) to the
disturbance can be removed by the forward compensatigl‘ﬁ's'de converter pf the PHIL _testbed, which ensures robust
the reduction performance of the ZSCC can be improvegPtrol by fast rejection of disturbances. The state space
Several papers have demonstrated the improvement of fations of LA%RC are expressed in (11) [27].

ZSCC reduction performance in the parallel converters using 221=2 18+ bwe
the feed-forward approaches [25], [26]. However, it can only = e (12)
be realized in a centralized control system that includes all the >

controllers inside or in a distributed control system that can ©=2 e

exchange information with each other through communicatiodere,z; andz, are the linear extended state observer (LESO)
On the other hand, in the case of the P-HIL testbed, state variables (related to the system outpw@nd the gener-
is difcult to apply traditional feed-forward compensationalized disturbance estimatidnrespectively), 1., are the ob-
because it is not practical to receive data about the ZSV fragarver gainsb is a gain that accounts for the plant parameters
the DUT in real-time via communication. uncertainty ands. is the system input. The observer design



