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Abstract—Although high-frequency circulating current exists in
parallel-operated inverters, it has not attracted as much attention
as low-frequency circulating current, and thus has not been ana-
lyzed in detail previously. In this paper, a mathematical model and
analysis are presented, which reveal the spectrum components and
their changing trends of the circulating currents caused by car-
rier phase differences. The impact of carrier phase difference on
high-frequency circulating current is also analyzed and verified. A
closed-loop control scheme is proposed to suppress the switching
frequency circulating current caused by carrier phase difference.
In addition, the deadbeat and closed-loop control are combined
to suppress the low- and high-frequency circulating currents si-
multaneously, to improve the overall performance of circulating
current suppression. The effectiveness of the proposed scheme is
verified by the simulation and experimental results acquired from
a laboratory platform.

Index Terms—Carrier phase difference, circulating current con-
trol, parallel voltage source inverters, switching frequency circu-
lating current.

I. INTRODUCTION

ITH the increase in converter capacity in wind power
Wand PV industries, it is common to provide parallel
power modules to ensure higher power ratings, redundancy, re-
liability, and flexibility, along with several other advantages such
as smaller switching stress, lower cost, and lower maintenance
[1]-[3]. Research efforts focus on parallel inverters including
power sharing and circulating current suppression. For power-
or load-current sharing [4], [5], parallel-operated inverters could
have different hardware topologies, circuit parameters, modu-
lation techniques, and controller parameters, because they are
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completely independent of each other. However, for circulating
current suppression applications, the hardware, modulation, and
controller of the parallel inverters should be identical, to reduce
the circulating current as much as possible [6].

When the parallel converters are connected directly at both
the dc and ac sides, the total impedance within the zero-sequence
path is very small, and therefore the large zero-sequence circu-
lating current (ZSCC) becomes a critical problem and a lim-
itation in parallel-operated inverters [7]. The ZSCC results in
adverse effects such as distortional output currents, higher cur-
rent stresses and power losses of the switching devices, and
lower system efficiency; thus, the achievable total capacity in the
system will be limited [8], [9]. Furthermore, the high-frequency
content of the circulating current may cause serious problems
from the perspective of electromagnetic interference [10].

On the one hand, hardware devices can be used to eliminate
circulating current by cutting off its flow path, including separat-
ing the dc voltage sources [11], [12] and isolation transformers
on the ac lines [13], [14], which transform the zero-sequence
path into an open circuit at the dc and ac sides. However, expen-
sive and bulky passive components will increase the cost and
volume of the parallel system.

On the other hand, synchronization of parallel modules is an
effective way to suppress the ZSCC through eliminating or mit-
igating the generation source. The master-slave configuration
[15], frequency modulating communication [16], decentralized
control structure [17], and synchronized current reference [18]
were also proposed to suppress the circulating current. In addi-
tion, each control method with [19], [20] and without [21], [22]
communication lines has its own merits and faults, depending
on the specific system configuration and requirements.

Furthermore, the control methods for ZSCC suppression can
be divided into two categories in terms of the modulation tech-
nique. For carrier-based methods, many improved modulation
strategies such as multicarriers [23], selective harmonic elimi-
nation [24], common mode voltage injection [25], and hybrid
modulation through zero-sequence voltage (ZSV) injection [26]
have been proposed to restrain the circulating current. For space-
vector modulation (SVM), zero vector is considered to be a
critical factor, and many solutions such as cascaded null vec-
tor control [27], deadbeat control [28], zero vector feedforward
control [29], and ZSV modulated SVM [30] have been proposed
to effectively restrain the circulating current.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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The previous works mentioned above mostly focus on the
low-frequency ZSCC, which occurs when the average ZSV gen-
erated by the parallel inverter modules is different. The differ-
ence in ZSV may be caused by inconsistent modulation signals
or small discrepancies in the hardware parameters, controller
parameters, and reference currents under practical conditions.

In comparison, the high-frequency ZSCC in parallel-operated
inverters does not attract as much attention as its low-frequency
counterpart, and has not been analyzed in detail previously.
Asynchronous carriers will cause high-frequency ZSCCs, ac-
companied by low-frequency envelopes; further, it is easily con-
ceivable that carrier synchronization can be applied to solve the
problem. However, it is relatively difficult to synchronize carri-
ers between parallel modules with independent controllers and
without communications. Liu et al. [31] proposed a method
to restrain circulating current by carrier phase difference adjust-
ment, but it requires the hardware parameters of parallel modules
to be identical, which is rarely satisfied in practical hardware
platforms. Liu et al. [32] illustrated the relationship between
high-frequency ZSCC and carrier phase difference. However,
the phase difference is limited within a small range, and the
analysis results need to be further proved by simulations and
experiments. Jiang et al. [33] proposed a useful method to syn-
chronize carriers between modules, but it is only valid without
the injection of ZSV, therefore it is not suitable for SVM and the
dc voltage utilization is limited. Furthermore, a virtual oscillator
is implemented to synchronize carrier waves between parallel
inverters, but additional passive components are required, and
the controller design is complicated [34].

The primary contribution of this paper consists of the follow-
ing three points.

1) Although itis well known that the carrier phase difference
in a parallel inverter system will produce high-frequency
circulation currents, many aspects still need to be studied,
e.g., the specific relationship between circulating current
and carrier phase difference, the spectrum components of
the high-frequency circulating current, and how the cir-
culating current changes with respect to different carrier
phase differences. Therefore, this study will focus on the
characteristics of the circulating current caused by car-
rier phase difference, which have not been discussed in
previous literatures. Compared to the limited range of
the carrier phase difference in [32], this study considers
the full range. Liu ef al. [32] and [33] are only suitable
for sinusoidal pulsewidth modulation (SPWM), while this
study handles SVM that has higher dc voltage utilization.

2) All the mathematical model and spectrum analysis are
proven by simulation and experimental results. The cir-
culating current and its spectrum with respect to different
carrier phase differences are provided, to verify the re-
lationship between the circulating current and the carrier
phase difference.

3) A closed-loop carrier phase controller is proposed to sup-
press the switching-frequency circulating current caused
by the carrier phase difference, and subsequently com-
bined with deadbeat control to restrain the low-frequency
circulating current, to achieve better overall suppressing
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Fig. 1. Topology of a parallel inverter system.

performance. As the high-frequency and low-frequency
components of the circulating current are difficult to be
dealt simultaneously, they are typically studied separately
in previous works. However, this study attempts to sup-
press the high- and low-frequency circulating currents
simultaneously.

This paper is organized as follows. Section Il introduces some
of the fundamentals and definitions of circulating current in
parallel-operated inverters. Section III deduces the mathemati-
cal expression of the circulating current caused by carrier phase
difference, and then analyzes the components and characteris-
tics of the circulating current. Based on the mathematical model
and theoretical analysis, a closed-loop control scheme is pro-
posed to adjust the carrier phase difference between the parallel
modules to restrain the circulating current. The simulation and
experimental results are provided in Section IV. Finally, the
conclusion of this paper is presented in Section V.

II. CIRCULATING CURRENT IN PARALLEL VOLTAGE
SOURCE INVERTERS

The topology of a parallel inverter system is shown in Fig. 1.
This system consists of two parallel inverter modules, which
share a common dc bus, and the ac sides of the modules are
connected to the common ac output lines through individual
filter inductors.

A. Current Path in Parallel Inverters

As an example, phase A has four circulating current paths in
the system. These current paths can be divided into two groups
based on the inclusions of the voltage source, as shown in Fig. 2.
Phases B and C can be analyzed similarly.

The first group current paths, i.e., Path 1 and Path 2, do not
have any voltage sources in them, as shown in Fig. 2(a).

Path 1: P-A;-A-As-P.
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Fig. 2. Circulating current paths in parallel inverters. (a) Circulating current

paths without DC source. (b) Circulating current paths containing DC source

Path 2: N-A;-A-Ay-N.

In Path 1 and Path 2, given that no voltage sources are in-
cluded, the circulating current will not change.

The second group current paths, including Path 3 and Path 4,
have dc voltage sources in them, as shown in Fig. 2(b).

Path 3: P-A;-A-As-N-P.

Path 4: P-Ay-A-A;-N-P.

In this group, the current will flow through the corresponding
phases of the two inverter modules (e.g., phase A of inverter
1 and inverter 2). This type of circulating current is called the
interphase circulating current, and is the dominant circulating
current in parallel inverters.

B. Definition of Circulating Current

Herein, only the interphase ZSCC are of interest. The inter-
phase circulating current refers to the current flows between the
same phase (e.g., phase A) of the two parallel inverter modules,
which can be defined as

Z.C.’L‘ :%7$:aabac (1)

where 7,1 and 7,9 are the phase x current of inverter modules 1
and 2, respectively.

The flowing path of the interphase circulating current are Path
3 and Path 4 as mentioned above. The dc voltage source and
filter inductors are included in the path, therefore the interphase
circulating current can be calculated by the following equation:

iy

dt
where V,; and V., refer to the phase x output voltages of the
two inverter modules, respectively.

The ZSCC is the sum of three phase currents, which can be
defined as

Vi1 = Vao = (L1 + La2) )

G0 = tq1 + i1 + i1 = —(la2 + ip2 +ic2) 3)
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Fig. 3. Generation process of circulating current (¢ = 0).

where 7,1, %1, and ic; are the currents of phases A, B, and
C, respectively, in the inverter module 1; 7,9, 732, and 7.9 are
the currents of phases A, B, and C, respectively, in the inverter
module 2.

Therefore, the ZSCC can be rewritten by the interphase cur-
rents as follows:

i = 5((zal —ia2) + (ip1 — tp2) + (Ge1 — ic2))
1, . . .
- i(lca + e + dce)- )

C. Generation Process of High-Frequency Circulating Current

During a PWM process, either SPWM or SVM, the modu-
lation wave and the carrier wave are the most critical signals.
In a typical PWM process, the modulation signal value is com-
pared with the carrier signal value. Subsequently, the output
voltage pulse, either a high- or low-level pulse used to drive
the switching devices, is generated according to the comparison
result.

In a parallel-operated inverter system, if the parallel inverter
modules have different modulation waveforms, a low-frequency
(frequency of the modulation wave, which is typically 50 or 60
Hz) circulating current occurs. However, if the parallel inverter
modules have different carrier waveforms, a high-frequency
(frequency of the carrier wave, which is typically several Kilo-
hertz) circulating current will instead be generated. This study
will focus on the high-frequency circulating current caused by
carrier phase difference; therefore, the modulation waves of the
parallel inverter modules are assumed to be identical.

The detailed generation process of the circulating current is
depicted in Figs. 3 and 4, including the 1) modulation signal
of SVM and the carrier waveforms with phase difference 6, 2)
output voltage pulse of inverter module #1, 3) output voltage
pulse of inverter module #2, 4) output voltage pulse deviations
of modules #1 and #2, and 5) resultant circulating current.

In Fig. 3, the carrier phase difference between two parallel
inverter modules is zero. As the modulation signals of modules
#1 and #2 are assumed to be identical as mentioned in Section II,
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the output voltage pulses V; and V5 will be synchronous to each
other, as shown in Fig. 3(b) and (c), hence the output voltage
deviation V) - V5 is zero. Therefore, the circulating current is
zero according to (2).

In Fig. 4, the carrier phase difference between two parallel
inverter modules is not zero. Although the modulation signals
of modules #1 and #2 are still identical, the time instants when
the modulation waveform intersects with carriers #1 and #2 are
different, as shown in Fig. 4(a). The output voltage pulses V}
and V5 will no longer be synchronous to each other, as shown in
Fig. 4(b) and (c), therefore the output voltage deviation V) - V;
shown in Fig. 4(d) is not zero, and will cause the circulating
current to flow through the parallel inverter modules, as shown
in Fig. 4(e). The notations ¢; and ¢, refer to the time instant
when the modulation signal intersects with the ascending line of
triangular carriers #1 and #2, respectively, while ¢35 and ¢, refer
to the time instant when the modulation signal intersects with
the descending line of triangular carriers #1 and #2, respectively.

As shown in Fig. 4(a), the two carriers with phase difference
have two intersection points, one of which is positive and the
other is negative. Depending on whether the modulation signal
is between or beyond the two intersection points, the complete
modulating process can be separated into two: Case I and Case
II. In Case I, the modulation signal lies between the two inter-
section points of the two carriers. In Case II, the modulation
signal is beyond the two intersection points, as shown in Fig. 4.
These two cases must be differentiated because the time se-
quences of t1, to, t3, and t4 are different in both cases, and this
will influence the mathematical derivation in the next section.

The sketch diagram of modulation processes with different
carrier phase differences is shown in Fig. 5. In general, as shown
in Fig. 5, two observations can be summarized, which will be
used in the following sections.

Observation 1: The modulation process is composed of both
Case I and Case II. They transition to each other at certain times.

Observation 2: During the modulation process, the time du-
rations of Case I and Case II are relevant to the phase difference
0 between two carriers. If 6 is smaller than %, then Case I lasts
longer than Case IL. If 6 is larger than 7, then Case Il lasts longer
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Fig. 6.  Sketch diagram of high-frequency circulating current.

than Case 1. The time durations of Case I and Case II will be
equal when 0 is 7.

III. MODELING OF CIRCULATING CURRENT CAUSED
BY CARRIER PHASE DIFFERENCE

The circulating current caused by carrier phase difference is a
series of high-frequency trapeziform waveform accompanied by
low-frequency envelopes [25], [26]. The sketch diagram of such
circulating current is shown in Fig. 6. On the one hand, voltage
pulses will generate trapeziform currents, as shown in Fig. 4(e)
and the bottom zoomed-in picture in Fig. 6. On the other hand,
the magnitude of the circulating current changes with the mod-
ulation signal accordingly. Therefore, the circulating current is
a series of trapeziform components slowly fluctuating with re-
spect to the modulation signal. As itis difficult to simultaneously
handle the slowly fluctuating trend and the instantaneous pul-
sating current, they will be treated in Sections III-A and III-B,
separately.

The mathematical model of the circulating current for Case
I will be derived in detail in this section, and the derivation
for Case II will be presented in the appendix because of space
constraints.

A. Mathematical Model of Circulating Current (Slow
Fluctuating Trend)

It is noteworthy that although the modulation wave of the
SVM is not explicit, it has been proven that a zero-sequence
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signal-injected sinusoidal wave can be used as the equivalent
modulation wave.

To simplify, the initial phase of the sinusoidal modulation
signal of phase A is set to 0. For example, in phase A, the
expression for sinusoidal modulation signal is

uy = M sin(wgt) ®)

where M is the modulation index and w; is the angular frequency
of the grid voltage.
The zero-sequence component e; injected into the sinusoidal
modulation signal can be expressed as
1 .
e = —i[max(uz, up,uy) +min(u) up, ul)]. (6)
The added zero-sequence component is a triangular wave, its
frequency is three times that of the fundamental wave, and its
amplitude is a quarter of that of the sinusoidal modulation signal.

Therefore, the expression for the zero-sequence component can
be given as

when t € [ka _ T M T }

3w, 6wy Jws 6wy

L (t - 2;2?) ™
when t € [23]2? 6:5 , QSlezr + QZJ

“= _3]\24:5 (t - 37; - 23]27T) ®

where k; € Z.

Hence, the final modulation signal with added zero-sequence
signal can be expressed as u, = u, + e;, which is a saddle-
shaped waveform as shown in Fig. 5.

According to the definitions of t1, o, t3, and ¢4, the modu-
lation wave intersects with the carrier waves at these four time
instants. Therefore, ¢, to, t3, and t, shown in Fig. 4(d) satisfy
the following equations:

M sin(wsty) + 252 (tl - 23%?) = (14 £ —4ky) + 22ty
M sin(wgts) + 3%’%(@ _ 23%?) = (1= & — dky) + 2oty
Msin(usts) + 22 (13 = 327) = (1 - & 4 4h) = 2ty
M sin(uety) + 2 (1 — 327) = (14 £ 4 dky) — 21,

€))

where 6 € [0, 7], ko € Z, and w, is the angular frequency of the
triangular carriers. The exact positions of ¢, ¢s, t3, and ¢, are
shown in Fig. 4(d).
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By substracting the first formula from the second one in (9),
the following can be deduced:

M(sin(wits) — sin(wst1)) + S () 41
20 2
=22y ) (10)
s s

which can be simplified to

. ty —t ty +1 3Mwy
2M sin (ws 2 5 1) cos <ws 2 5 1) + o (ta — 1)
20 2w,
=4 (ta —t1). (1)
T T

Since ¢ — t is very small, sin(w, 251 ) ~ w, 251 then

ty —t1 = 40 (12)
2T A, — 27 Muw,cos (wy ) — 3Mw,
Repeating the same process yields
40
ty —t3 = (13)

4w, + 2r Mw,cos (w Bt ) + 3Mw,

Therefore, the change in the circulating current in one switch-
ing period can be expressed as

Vi—-V,

Aip = i(ty) —i(t1) = I L, [(

ty —t3) — (t2 —t1)].
(14)

In hindsight, from Case I shown in Fig. 4(d), it is clear that
t4 — t3 is the duration of the positive voltage pulse in one switch-
ing period, and to — ¢; is the duration of the negative voltage
pulse. In (14), (t4 —t3) — (t2 — t1) corresponds to the time
duration of the effective positive voltage pulse, therefore Aj..
calculated by (14) can only reflect the average changing trend in
one switching period, while the dynamic changing process from
t; to to and from t3 to t4 are neglected. The dynamic changing
process will be considered in Sections III-B.

By substituting (12) and (13) into (14), we obtain (15) shown
at the bottom of this page.

Since 27Muwy cos ( “%t‘*ws ) +
ZWMwscos(%ws) +3Mw, < 4dw,,

3Mw, < 4w, and

OU [ Mw, (costF 2w, 4 cositiw,) + 3ng]
2(L1 + LZ)CL)Q

LA~ —

(16)
Because t1, t9, t3, and t; are very close to each other,
costitzw, + cosBittiw, & 2 cos(wgt), where ¢ is any time in-
stant durlng the sw1tch1ng period.
Therefore, (16) can be simplified to

U, [2m Mwgcos(wst) + 3Mws]

... Alc ~ —
2(L1 + Lz)a)g

a7

49Uq[2m Mw, (cos"Ftw, + cosifliw

s) + 6Mw,]

(L1 + Ly)[4w, + 27 Muw,cos (At w,) + 3Mw;][dw, — 2T Mw,cos (232 w,) — 3Mw,]

15)
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The rate of change of the circulating current is

dic  Ai. OU[2m Mwscos(wst) + 3Mws]

e = : : —=. (18
dt 27 Jw, 4w (Ly + Lo)w. (%)
Therefore, the circulating current can be expressed by
di M6
je = | —dt = —————"——sin(w,t
v /ﬁ s+ Lojw, (wst)
3U0 M wy 2k
— ' : t— 19
4dm(Ly + Lg)wc( 3w, ) (19
when ¢ € [2]“17T — 2;1”— + g5, and
i—= M@Ud sin(w t) . 3Ud9Mws
C 2Ly + Ly)w, ’ 4r(Ly + La)w.
2k
w (¢ — L 20T (20)
3wy 3wy
when t € [31 2k‘”+2w ]

From (19) and (20) the curculatlng current calculated can be
rewritten as i, = 9.1 + %c2.
The first part is the fundamental sinusoidal circulating current

MOU,

2(L1 + Lg)wc @h

lel = — sin(wgt).

The second part is a triangle circulating current, and its fre-
quency is three times that of the fundamental wave

B 2]€17’(’
3wy

i 3U,0M w, T
e 47T(L1 + Lg)wc

o 3Ud0Mws (

oy — 2
T T4 (L + Ly )w. (22)

when t € [Z1T —

T 2k s
6wy’ 3wy + 6wy ]’ and

_ %ﬂ) 23)

B 3705 3wy

Whente[%l”—i—— 2k17—+ 77]

6wy’ 3w 2wg 17

B. Mathematical Model of Circulating Current (Instantaneous
Pulsating Current)

The sketch diagram of the high-frequency pulsating currents
for both Case I and Case II is shown in Fig. 7. As mentioned
above, the criterion for differentiating Case I and Case II is
whether the modulation wave is between or beyond the positive
and negative intersection points of the two carrier triangular
waves. Fig. 7 only illustrates the positive intersection point, and
the negative one can be analyzed similarly. It is noteworthy that
Fig. 7(a) will be used here and Fig. 7(b) will not be used before
the Appendix; however, it is presented here for comparison.

From the top diagram of Fig. 7(a) and according to the theo-
rem of similar triangles

L-H_ 0 0 g
H 77T—9 T]i
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Fig. 7.  Sketch diagram of pulsating current. (a) Case I. (b) Case II.

H and T can be resolved from the previous equations, which
are
0

H=1-=
™

T1 :7r(1—u,1)—9.

(24)
(25)

Fig. 4(d) and (e) shows that the negative voltage pulse causes
the circulating current to decrease and the positive voltage pulse
causes it to increase, resulting in high-frequency trapeziform
currents. Although Section III-A has considered the circulating
current variation from ¢; to ¢4, it neglects the instantaneous
change during t; to ¢, and t3 to t4, which will be discussed
here.

Both the effective time of the positive and negative voltage
pulses are -, therefore the peak-to-peak value of the trapezi-
form current can be deduced by

L W — U~ 26)

Ll + L2 (L1 + Lg)w(

For simplification, the trapeziform current can be approxi-
mated by a square wave, which is shown by the shaded area
in the bottom picture of Fig. 7(a). As the carrier frequency is
much larger than the modulation signal frequency, the modula-
tion signal value is assumed to be constant in a carrier period.
By applying the Fourier transform to the trapeziform current

Qo

ez = 5 + Zzozl (ancosnw,t + by, sinnw,t) (27
where
=L [ —hcos(nw.t)d(w.t)
- % I it eostnaydwnt)  (n=0,12,..)

=1 [T —hsin(nwct)d(w.t)

= % I ﬁsin(nwct)d(wot) (n=1,2,...).
(28)



XUEGUANG et al.: ANALYSIS AND SUPPRESSION OF CIRCULATING CURRENT CAUSED BY CARRIER PHASE DIFFERENCE

Therefore
L™ —Ugf ~U,0
ap = — ————d(wet) =————— . (T1 + 0
! ™ /77T (Ll + LQ)W(: ( ) 7T(L1 =+ Lg)wﬁ ( ! )
== Uat + UabM (sinwgt + Swﬁt)
T 2w (L + Ly) | 2we(Ly + Ly) T o
(29)
1 [ -U,0
ap = — ———————cos(nw.t)d(w.t
™ [ﬂ (L1 + Lo)w. ( Jd(wet)
_Ude 1 . Ti+6
= —. ) TE
(T + L)oo sin(nw.t) i
Uaf 2 . (nm . 3Muw,t
=—— 17 = gin[ =21 — Msin(wst) —
we(Ly + L) nﬂ_sm( 2 ( sin(w;t) 2t ))
x (n=1,2,...). (30)
That is
Ug0 U 0M . 3w, t
a0 = ~ 55 L +L3) 2wc<£1+L2) (sinw,t 4 2= )
an = — oy e sin (% (1= Msin(w,t) — 2420))
bn - ,(’Il: 1,2,)

€29

C. Component Analysis of Circulating Current

From (21)—(23) and (31), the characteristics of the circulating
current for Case I can be summarized as follows.

1) The spectrum components of the circulating current con-
sist of the fundamental frequency, triple harmonic fre-
quency, carrier frequency, and odd multiples of carrier
frequency.

2) The amplitude of the circulating current is in direct pro-
portion to the carrier phase difference 6 and dc voltage Uy,
and is in inverse proportion to the impedance of the cir-
culating current path L; + Ly and the angular frequency
of carrier w,..

For Case 11, the deduction process is similar to Case I, and the
step-by-step derivation will be presented in the Appendix at the
end of this paper. The characteristics of the circulating current
for Case II can be expressed as follows, where the last sentence
highlights its differences from Case I.

1) The spectrum components of the circulating current con-
sist of the carrier frequency and odd multiples of the car-
rier frequency. The triple harmonic frequency circulating
current is negligible.

2) The amplitude of the circulating current is in direct pro-
portion to the dc voltage U, and is in inverse proportion
to the impedance of the circulating current path L; + Lo
and the angular frequency of carrier w.. The amplitude of
the carrier-frequency circulating current is in direct pro-
portion to sing.

According to Observation 1 and Observation 2 mentioned
above in Section II, during a complete modulation period, Case
I and II coexist, and Case I transitions to Case II at a certain
point. On the one hand, according to the spectrum analysis
mentioned above, the third-order harmonic circulating current
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TABLE I
SIMULATION AND EXPERIMENTAL PARAMETERS

Parameters Symbol Value

AC line-to-line voltage Vip 190V
DC bus voltage Ua 400V
Filter inductance-Module 1 L 6mH
Filter inductance-Module 2 L 6mH
Fundamental frequency f 50Hz
Carrier frequency fe SkHz

Sampling frequency Soample 20kHz
Control period T. 50us
Simulation step T, 2us

Inverter

.

| L A
;.fv‘mlflnll‘

Fig. 8.  Pictures of experimental hardware platform.

will decrease significantly at the point when Case I transitions to
Case II. On the other hand, the duration of Case I and II are equal
when 6 is 90°, therefore Case I will be more predominant when
0 is smaller than 90°, and Case II will be more predominant
when 0 is larger than 90°. Referring to Fig. 5 may be helpful in
understanding this intuitively.

Subsequently, the characteristics of the third-order circulating
current can be concluded as follows.

Conclusion 1: With the carrier phase difference  increasing
from 0 to 180°, the amplitude of the third-order circulating
current will first increase from O to a maximum value (when 6
equals to 90°) and then decrease to 0 again.

In Case I, the amplitude of the carrier-frequency circulating
current is in direct proportion to , and is in direct proportion to
sin;2 for Case II. Further, considering the transition from Case
I to Case II analyzed above, the characteristics of the carrier
frequency circulating current can be concluded as follows.

Conclusion 2: With the carrier phase difference § increasing
from 0 to 180°, the amplitude of the carrier-frequency circulating
current will increase until the maximum but with a decreasing
rate of change (slope).

Based on the aforementioned mathematical derivation, the
characteristics of the circulating current caused by carrier phase
difference are summarized as Conclusion 1 and Conclusion 2,
which reveal the specific relationship between the circulating
current and carrier phase difference, the spectrum components
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Fig. 9.

of the high-frequency circulating current, and how the circu-
lating current changes with respect to different carrier phase
differences.

IV. SIMULATION AND EXPERIMENTAL RESULTS Harmonic Carrier Phase Difference
To verify the aforementioned mathematical model and theo- (A) 0° 300 60° 90° | 120° | 150° | 180°
retical analysis and to demonstrate the closed-loop adjustment
. . . . S 0 0.07 | 0.05 | 0.04 | 0.07 | 0.07 | 0.01
of carrier phase difference for suppressing the high-frequency IsT
circulating current, simulations and experiments are conducted, E| 0.10 | 0.095 | 0.09 | 0.085 | 0.075 | 0.08 | 0.09
and the simulation and experimental parameters are shown in
S 0 0.16 0.37 0.46 0.28 0.11 | 0.01
Table I. 3RD
A laboratory prototype with two parallel-connected 10-kW
. . . . . E | 0.067 | 0.28 0.38 | 0473 | 0.413 | 0.26 | 0.01
inverter modules is constructed for the experiment, in which
the digital signal processor TMS320LF2812 from Texas Instru- s| o 063 | 123 | 176 | 2.16 | 2.41 | 2.49
ments Incorporated is used as the control kernel. Fig. 8 shows 100™
. E | 0.007 | 0.653 | 1.127 | 1.76 | 2.133 | 2.287 | 2.46
the pictures of the hardware of the prototype.

In the simulation and experimental results, the third-order
and one-hundredth-order harmonics of the circulating current
will be analyzed. The fundamental frequency is 50 Hz and the
carrier frequency is 5 kHz; therefore, the one-hundredth-order
harmonic refers to the switching frequency.

A. Model Verification

The circulating current waveforms and their fast Fourier trans-
form (FFT) spectrums when the carrier phase difference 6 is 30°,
60°,90°, 120°, 150°, and 180° are shown in Fig. 9. The individ-
ual FFT spectrum shows that the amplitude of the third-order
circulating current is approximately 1 A when the phase differ-
ence 6 is 90° and then decreases when 6 increases. When 6 is

Phase A currents of modules 1 and 2, circulating current, and FFT Spectrum. (1,1, I52: 5 A/ div| Iy : 2.5 A/ div | FFT:0.5 A/ div).

TABLE 1T
SIMULATION AND EXPERIMENTAL RESULTS OF CIRCULATING CURRENT
COMPONENTS WITH DIFFERENT CARRIER PHASE DIFFERENCES
(S DENOTES SIMULATION AND E DENOTES EXPERIMENT)

180°, a third-order component does not exist, and the circulating
current primarily consists of the carrier frequency component.
The changing trend of these components in the simulation re-
sults further verifies the modeling and analysis results (espe-
cially Conclusion 1 and Conclusion 2).

The amplitudes of the third- and one-hundredth-order cir-
culating currents with respect to different phase differences
@, which increase from 0° to 180° at increments of 30°, are
shown in Table II. Their trends are depicted in Fig. 10, including
the simulation and experimental results. As shown, the ampli-
tude of the third-order circulating current first increases from 0
(when 6 is 0°) to a maximum value (when 6 is 90°), and then
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Fig. 11.  Simulation results of circulating current when ¢ changes periodically.
(g1, Iy2: 5 A/ div, Iy: 2.5 A/ div, Time: 100 ms/ div).

decreases to 0 (when 6 is 180°) again, which is consistent with
Conclusion 1 described in Section III. Further, the amplitude of
the carrier-frequency circulating current increases to the maxi-
mum but with a decreasing slope, which verifies Conclusion 2
mentioned above.

Figs. 11 and 12 show the simulation and experimental re-
sults of the circulating current, respectively, during a continu-
ous angle-shifting process, in which the carrier phase difference
first increases from 0° to 180°, and then decreases to 0° again.
The current references of the two parallel modules are both
5 A (RMS value). The results show that the circulating current
increases to a maximum value (when carrier phase difference
is 180°), and then decreases with the decreasing carrier phase
difference; further, the changing trend verifies the direct rela-
tionship between the circulating current and the carrier phase
difference.

B. Closed-Loop Carrier Phase Adjustment

In practical conditions, closed-loop control must be adopted
to regulate the carrier phase difference in real time. The system
control diagram with a closed-loop control strategy is shown in
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Fig. 12. Experimental results of circulating current when 6 changes
periodically. (1,1, I,2: 5 A/ div, Iy: 2.5 A/ div, Time: 100 ms/ div).
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Fig. 13.  System control diagram with a closed-loop carrier phase controller.

Fig. 14.

Control diagram of a carrier phase controller.

Fig. 13. A simple PI controller is chosen as the carrier phase
controller herein, and the control diagram of the carrier phase
controller is shown in Fig. 14. Two points need to be empha-
sized: First, the absolute value of the measured circulating cur-
rent is used as the feedback signal of the controller, because
only the absolute value (not the instant value or average value)
can reflect the changing trend of the circulating current magni-
tude. Second, the controller parameters (such as the proportional
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Fig. 15.  Adjustment process of carrier phase difference.

gain) are highly dependent on practical applications; therefore,
they must be selected and adjusted appropriately according to
the system variables including the reference currents and control
period. A 6 is the output of the controller that is used to adjust
the carrier phase.

DSP and FPGA are the most popular hardware devices used
to control power converters. Typically, the up-down counter is
adopted to implement the carrier waveform. The modulation
signal value will be updated in each control period and saved
in a compare register. Subsequently, the hardware will com-
pare the register value with the current counting value, and the
comparison result is used to generate high- or low-level voltage
pulses that are used to drive the switching devices (e.g., IGBT).
In the default configuration, the counter first counts from O to
a maximum value (TBPRD, which is the period register of the
corresponding PWM generation module) in the up-count di-
rection, and then counts from TBPRD to 0 in the down-count
direction: this is a complete counting period. Therefore, the car-
rier phase can be adjusted by simply changing the initial value
of the counter.

The sketch diagram of the carrier phase adjustment process
is shown in Fig. 15. From left to right, assuming that carrier 2
is kept unchanged and carrier 1 is adjusted, the carrier phase
difference 6 is decreased continuously simply by decreasing (or
increasing in other situations) the initial value of TBCNT of
carrier 1. The adjusted amount of TBCNT is illustrated as A T,
the value of which corresponds to the output of the carrier phase
controller. The carrier phase controller output A # must be con-
verted to A 1" accordingly considering the TBPRD value, which
is determined by the switching frequency. After several adjust-
ment periods, the phase difference will be eliminated gradually.

When the reference currents of the two parallel modules are
both 5 A, the experimental results of the closed-loop con-
trol is shown in Fig. 16. The high-frequency component is
superimposed on the phase currents before control, and the
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Fig. 16.  Closed-loop control with identical reference currents. Waveforms:

1,1, Ino (5A/div), Iy (2.5 A/ div), Time (50 ms/ div) FFT: Before and after
control, respectively (0.5 A/ div).

corresponding ZSCC is approximately 4 A. The peak value
of circulating current can be suppressed to 0.6 A by the closed-
loop control. The FFT shows that the dominant component of the
circulating current is at the carrier frequency, and is effectively
restrained to a negligible value.

When the reference currents of the two modules are not iden-
tical, in which the reference current of module 1issetto5 A, and
the reference current of module 2 is set to 3 A, the results of the
closed-loop control is shown in Fig. 17. As the reference currents
of the two modules are dissimilar, a discrepancy exists between
the modulation signals. Therefore, a low-frequency (three times
that of the fundamental frequency) circulating current is gen-
erated in the system. Given that the carrier phase control has
very limited effect on the low-frequency circulating current, the
third-order component is only restrained from approximately
0.4 to 0.3 A. However, the switching frequency component is
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suppressed from approximately 2.5 to 0.5 A, which again proves
that the carrier phase control can significantly reduce the high-
frequency circulating current.

Deadbeat control is very effective in suppressing low-
frequency circulating currents; therefore, combining deadbeat
and closed-loop control can improve the circulating current
suppression performance, especially when the third-order fre-
quency and switching-frequency components of the circulating
current both exist. As the deadbeat control is out of the scope
of this paper, it will not be discussed in detail; only the experi-
mental result is shown in Fig. 18. Compared to Fig. 17, both the
third-order and the switching-frequency components are further
reduced to a negligible value (approximately 0.2 A). The FFT
spectrum shows that the deadbeat control effectively mitigates
the third-order component at the beginning, and then the carrier
phase control further reduces the high-frequency component.

From the simulation and experimental results above, we con-
clude that the components and characteristics of the circulating
current are identical with theoretical analysis, and the closed-
loop adjustment of the carrier phase difference is effective in
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suppressing the high-frequency circulating current, even when
the current references of the parallel modules are not identi-
cal. However, other control strategies such as deadbeat control
should be combined with the carrier phase control to achieve
better overall performance for the suppression of both low- and
high-frequency circulating currents.

V. CONCLUSION

Herein, the circulating current caused by the carrier phase
difference in parallel converters is studied. A mathematical
model is established, and the components and characteristics
of the circulating current are also analyzed. The amplitude of
the high-frequency circulating current is directly proportional
to the carrier phase difference, and its frequency primarily con-
sists of carrier frequency. A closed-loop carrier phase controller
is proposed to suppress the high-frequency circulating current.
The mathematical model and theoretical analysis are verified
by simulations and experiments, and the effectiveness of the
control method is also validated.

The interleaved operation of the parallel inverter modules
is not discussed in this paper, because the carrier phases are
intentionally shifted to each other for interleaving, which will
inevitably cause significant circulating currents. However, the
purpose of this study is to reduce the carrier phase difference
as much as possible to suppress the circulating current, which
contradicts with the purpose of interleaving. Nevertheless, inter-
leaving carriers could be beneficial to the harmonic performance
of grid currents. Therefore, the carrier phase control proposed
herein may be combined with interleaving to obtain the opti-
mized carrier phase difference and harmonic performance, to
maintain the balance between a sufficiently small circulating
current and the harmonic performance of the grid current, which
will be considered in future works.

Furthermore, the parallel inverters system discussed herein
only consists of two modules, and multimodule situations are
not discussed. For an N-module system, the total circulating cur-
rent flowing through any one module is the superimposition of
the circulating currents between this module and all the other N—
1 modules. Therefore, for the analysis of the circulating current
between any two modules, the mathematical modeling and anal-
ysis proposed herein can be applied. However, the closed-loop
carrier phase adjustment method herein is insufficient to control
the total circulating current in an N-module system, because
the interactions between all the modules are more complicated.
Further research must be conducted to find a better approach to
achieve carrier synchronization among multimodules.

APPENDIX

For the completeness of this paper and the convenience in
understanding the mathematical deduction process, the deriva-
tion of Case Il is affixed in this section. Similar to the derivation
process of Case I, the content of this appendix is also divided
into two parts that handle the slow fluctuating trend and the
instantaneous pulsing part of the circulating current separately,
similar to Section III-A and III-B.
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A. Mathematical Model of Circulating Current (Slow
Fluctuating Trend)

Equation (9) is rewritten here for convenience as follows:

M sin(wty) + 28 ( - %) (L4 L — dky) + 2o,
M sin(unts) + M (b — 325) = (L= & —ah) + 20y
M sin(wsty) + 252 (t5 23%?) = (1 % +dky) — 2ty
M sin(wst) + #52 (t4 2312_?) =L+ &+ dky) — 2=ty
(A-1)

where 6 € [0, 7|, ko € Z, and w, is the angular frequency of
triangular carrier. The exact positions of ¢y, to, t3 , and ¢4 are
shown in Fig. 4(d).

The sum of the first and third formulas in (A-1) can be ex-
pressed as

Ws

M
M sin(wst1) + sin(wst3)) + ’

(t1 +t3)

2
:C(tl —t3)+ 2+ 2k M

(A-2)

By substracting the third formula from the first one in (A-1),
the following can be deduced:

3Mwy
—(t1 — t
—(t1 — t3)

M sin(wgtq) — sin (wsts3))

2w, 26
: (b +t5) + — = 8hy. (A-3)
Adding (A-2) and (A-3) yields
Muw, 4wy 26
2M sin(wstl) + 6 s tl W tl + — — 8]{52 + 2+ ZklM
(A-4)
From (A-4), the expression for ¢ can be deduced as
T 26
t) = —————|— — 8ko + 2+ 2k1 M — 2M sin(wsty)] .
T (ﬂ_ 8ko + 2 + 2ky sin(w; 1))
(A-5)

By substracting (A-3) from (A-2), we obtain

SMwy 4wc

20
— iy — —+8k2+2+2k1M
(A-6)

2M sin(w;ts) +

ts =
From (A-6), the expression for ¢3 can be deduced as

™

3= ————
s SMwg + 4w,

20
x <— + 8ky + 2+ 2k M — 2M sin(w5t3)> (A
™
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Repeating the similar process like (A-2) to (A-7), the expres-
sion for ¢ and ¢4 can also be deduced as

T 20 .
ty = m (2 — ? — 8]€2 + 2k1M —2M sm(wst2)>
(A-8)
T 260 .
ty = m (2 + — + 8ky + 2k1 M — 2M sm(w5t4)>
(A-9)

The change of the circulating current in one switching period
can be expressed by the deviation of the positive and negative
voltage pulses, as shown in Fig. 4(d). For Case I, according to
the time sequence of ¢y, o, t3, and ¢4, the expression is

NV [(ty —t3) —

(ta —t1)].
(A-10)
However, the time sequence of ¢, o, t3, and ¢4 for Case Il is
different from Case I, so the expression is different

oV ) -

(ts —t1)].
(A-11)
After substituting (A-5), (A-7), (A-8), and (A-9) into (A-11),

we get

m—0  Mnr(2sinwst; — sinw;ty)

. Uy (
AV —
(L1 + L»)
n 2M (2 sinwgts —
4w,

4w,

sinwst4)) (A-12)

0
We
. . w6 L Wy
= 2sinw,t; — sinwgty cos — COSw,tysin
We We

4w,

Since tQ —tl = t4 —t3 = Q/wc

2 sinwgt; — sinwgty = 2 sinwgt; — sinwy (t1 +

(A-13)

Because wyf < w., (A-13) can be simplified to sinwsty,
therefore

i ' ws(ts +tg) . we(ts —t
SlantS - Slnw5t4 = 2COS S( 32+ 4)Sln S( 3 4).
(A-14)
Because t3 and t, are very close to each other cos% ~

ws(ts—ts)  ws(ts—ts)
2 ~ 2 ~

cosw,t, and sin
time instant during the switching period.

Considering the approximation mentioned above, (A-12) can
be further simplified to

©<0 \here ¢ is any

Ud —Mmr6
Ai, = st. A-15
i (I + 1) 202 cosw ( )
The rate of change of the circulating current is
di _ Ai, _ —M@Udcoswst. (A-16)
dt 27r/wc 4(L1 + LQ)QJC

Therefore, the circulating current can be expressed by

e Z/%dt: ___Mou,
dt

4(L1 + Lg)wp (A_17)

Sinwgt.
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Comparing (A-17) with (19) and (20) shows that the charac-
teristics of the circulating current in Case II are different from
Case I. In Case II, the spectrum components of the circulating
current consist of carrier frequency and odd multiples of the
carrier frequency, and there are no triple harmonic frequency
circulating current.

B. Mathematical Model of Circulating Current (Instantaneous
Pulsing Current)

From the top diagram of Fig. 7(b) and according to the theo-
rem of similar triangles

— 9
Q:Landi—é.
1=7)

H T —0 T N Uy —
H and T3 can be resolved from the above equations

—~

EIES)

0
H=1-—
0

T =7(u, — 1)+ 0.

(A-18)
(A-19)

Fig. 4(d) and (e) shows that the negative voltage pulse causes
the circulating current to decrease and the positive voltage pulse
causes it to increase, resulting in high-frequency trapeziform
currents. Although Section III-A has considered the circulating
current variation from ¢; to t4, it neglects the instantaneous
change during ¢; to ¢3 and ¢, to ¢4, which will be discussed
here.

Both the effective time of the positive and negative voltage
pulses are 9;#, therefore the peak-to-peak value of the trapez-

iform current can be deduced by

Ud - Ud(G—Tl) _Ud’IT(l—’U,a)

- Ll —|—L2 ’ a a (L1 —|—L2)wc

h
(Ll + L2 )w(:

(A-20)

where u, is the expression for modulation signal mentioned in
(2).

For simplification, the trapeziform current can be approxi-
mated by a square wave, which is shown by the shaded area
in the bottom picture of Fig. 7(b). As the carrier frequency is
much larger than the modulation signal frequency, the modula-
tion signal value is assumed to be constant in a carrier period.
By applying the Fourier transform to the trapeziform current

. agp
3 =

5 (A-21)

> .
+ Zn:l (an COs nuw,t + bn sin TLUJ(:t)

a, =L [T —hcos(nw.t)d(w.t)
=17 T cos(nt)d(wit) (n=0,1,2,..)
by =L [T —hsin(nw.t)d(wt)

=L 7 et sin(nwet)d(wet) (n=1,2,...).
(A-22)
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Therefore
1 T —Udﬂ'(l — ua)
= — 7d Ct
@ W[ﬂ (L1 +L2)w(; (w )
—Ud ( [ —Udﬁ
_ Y (g, |7 ):7 A-23
(L1 + La)w, o)y (L1 + Ly)we ( )
1 [T =Uyr(l —uy,)
n — — Y . N ct d ct
a T[ﬂ T+ Lo)o cos(nw.t)d(w.t)
—Uda 1 . ¢
= s — Ct
@ Lo n sin(nw,t) %
= ¢ Zdin(= =1,2,...). A-24
@ +L2)wcn81n( 5 ) (n=1,2,...) ( )
That is
—U.0
W = T3t
= ) (L2 (429

b, = 0.

Comparing (A-25) with (31) shows that the characteristics
of circulating current in Case II are different from Case I. In
Case II, the amplitude of the circulating current is in direct
proportion to the dc voltage Uy, and is in inverse proportion to
the impedance of the circulating current path L; + Ly and the

angular frequency of carrier w.. The amplitude of the carrier-

frequency cm:ulatmg current is in direct proportion to sinz,

which is different from Case I, where the amplitude of carrier
frequency component is in direct proportion to 6.
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