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Abstract—Paralleled inverters are widely employed as the
power source in the AC distributed power system, whose output
impedance and stability status are required in the impedance-
based stability analysis of the whole system. This paper presents an
output impedance model as well as a stability prediction method
for three-phase paralleled inverters with master—slave sharing
scheme. While the output impedance of three-phase paralleled
inverters is generally modeled under synchronous reference
frame (SRF), the terminal characteristics of individual inverters
operating standalone are innovatively adopted in the proposed
output impedance model, with no need for knowledge about inner
parameters of the inverters. Furthermore, the stability criterion is
derived with this model according to the generalized Nyquist crite-
rion, where the stability of paralleled inverters can be predicted by
investigating characteristic loci of two return ratios. Meanwhile,
the terminal characteristics of individual inverters controlled
under SRF is comprehensively modeled. Finally, the proposed out-
put impedance model and stability criterion were experimentally
verified.

Index Terms—Qutput impedance modeling, paralleled inverters,
stability criterion, terminal characteristics of inverters.

I. INTRODUCTION

C distributed power system (DPS) is extensively used in
A several applications such as uninterrupted power supply
system, electric ships, and microgrid [1], [2]. An important
feature of the AC DPS is the interfacing individual loads as well
as sources in many cases with the AC bus by power converters,
as illustrated in Fig. 1. Usually these converters in AC DPS
are designed individually, i.e., each converter is designed based
only on the stability requirement in its standalone operation.
As a result, after system integration, the interaction between
converters may cause system performance degradation or even
instability [3].
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Checking small-signal stability of three-phase AC DPS is
usually based on impedance models in synchronous reference
frame (SRF). As shown in Fig. 1, the stability of whole system
can be determined by partitioning it into a source and a load
subsystem, and then applying stability criterion of cascaded AC
system to the output impedance of the source subsystem Zg 4,
and the input admittance of the load subsystem Y4, [4]-[8],
[22], [23]. Meanwhile, before using these stability criterions
for stability analysis of whole system, each subsystem operat-
ing standalone should be stable, while the output impedance of
source subsystem Zgq, and the input admittance of load sub-
system Y1 4, must be gained. Moreover, the source subsystem,
generally consisting of several inverters operating in parallel, is
prone to instability due to the power sharing among the invert-
ers [26]. Therefore, it is of extreme significance to explore the
stability status and output impedance of paralleled inverters for
the stability analysis of whole three-phase AC DPS system.

Droop-based control is used widely for the power sharing of
paralleled inverters [15]-[17]. This technique tries to mimic the
frequency and voltage droop operation of AC generator in the
large-scale power system. Benefiting from no extra intercon-
nection among inverters, it endows good reliability. However,
the limitation of this approach is that an inherent tradeoff exists
between the output voltage regulation and the power sharing ac-
curacy. Moreover, the dynamic performance is poor, because the
bandwidth of the external power loop, realizing droop control,
is much lower than the voltage loop.

The active load sharing control is a popular alternative for
parallel operation of inverters, in which, communication wire
is employed for sharing information among the inverters. Ac-
cording to the mechanisms to share information, these active
load sharing control can be classified as master—slave sharing
scheme [9]-[11], average current sharing scheme [12], [13], and
circular chain control [14]. In the circular chain control, succes-
sive inverter tracks the current of previous one while the first
inverter tracks the last to form a circular chain connection. In
the master—slave sharing scheme, the master inverter operates as
a voltage source to regulate the system voltage, while the slave
inverter acts as a current source to track the output current of the
master. For the average current sharing scheme, all the inverters
take part in the voltage and the current regulation, and track the
average current reference. Compared to the droop-based con-
trol, the active load sharing control can achieve better power
sharing and voltage quality, and is attractive in AC DPS for high
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performance application. Therefore, there is an urgent need for
model and stability analysis of paralleled inverters with the ac-
tive load sharing scheme.

Several approaches have already been published in modeling
and stability analysis of paralleled inverters with active load
sharing control [12], [24]-[26]. A model of the paralleled
inverters with active load sharing control is present in [24]
and [26], where a Thévenin equivalent circuit, representing
the dynamic behavior of the voltage loop and the power
stage, and the current sharing controller are covered for each
inverter. Then, the stability issue caused by the current sharing
controller is analyzed based on the proposed model. This model
is improved by introducing a disturbance source to represent
parameter deviation among these inverters in [12], while the
inner information of each inverter is still required. Meanwhile,
the model in [24] is further simplified by removing the dynamic
of current sharing controller to investigate the stability issue of
the paralleled inverters caused by the interaction between the
inverter and the connection cable [25].

The main issue associated with aforementioned approaches
is that they make the model and stability analysis of parallel
system heavily reliant on the knowledge about inner parameters
of each inverter. The problem is that it is difficult for the system
engineers to access the all inner information of each inverter
required to model the paralleled inverters in integrating source
subsystem of the AC DPS.

The terminal characteristic of converters-based approach has
been proposed for modeling and analysis of the three-phase
cascaded AC system [4]-[8], [22], [23], where the inner infor-
mation of the converters is not required. Moreover, the terminal
characteristic measurement techniques are proposed for three-
phase converters in [18]-[20], and [27], which make the termi-
nal characteristic of converter-based approach more practical.
Therefore, it is expected to extend the terminal characteristics
of converters based approach to the modeling and analysis of
paralleled inverters with active load sharing control.

Basic architecture of three-phase AC DPS, which can be represented by cascaded connection of the source subsystem and the load subsystem.

To deal with the aforementioned issue, this paper proposes
an improved approach for modeling and stability analysis of the
three-phase paralleled inverters with active load current sharing
control represented by the master—slave sharing scheme, which
is distinguished by adopting the terminal characteristics of in-
dividual inverters operating standalone. Compared to existing
publications [12], [24]-[26], the contribution of this paper can
be concluded into three aspects. First, the three-phase paralleled
inverters with the master—slave sharing scheme are modeled un-
der SRF by adopting the terminal characteristics of individual
inverters, which include the output impedance of the master
inverter, and the output admittance and the current gain of the
slave inverter, and the output impedance model of the paralleled
inverters is derived. Therefore, the need for knowledge about in-
ner parameters of the inverters is avoided in the modeling of the
parallel system. Second, a stability criterion for the paralleled in-
verters is derived according to the generalized Nyquist criterion
(GNC) by transforming the transfer function of the proposed
output impedance model into the one of a double closed-loop
system. Consequently, the stability issue of paralleled inverters,
caused by the interaction between them, can be predicted with
the terminal characteristics of individual inverters, which can be
achieved by measurement with the inverter operating standalone
in practical [18]-[20], [27]. Third, the terminal characteristics of
both master inverter and slave inverter are modeled under SRF,
respectively, while the unified control structure is applied for
them. This is significant for application of the proposed stabil-
ity criterion under the circumstances that the inner parameters of
each inverter are given, which is seldom mentioned in previous
publications [26]. Although the master—slave sharing scheme is
involved in the studied three-phase inverter parallel system, the
methodology can be extended to other schemes of active load
control, and this will be presented in the future publication.

The rest of this paper is arranged as follows. The model-
ing of paralleled inverters and derivation of output impedance
are presented in Section II. Section III proposes the stability
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Studied three-phase paralleled inverters with master—slave sharing

criterion of the paralleled inverters. The terminal characteristics
of inverters are modeled in Section I'V. Section V investigates the
proposed model and stability criterion of the paralleled inverters
by experimental results. Finally, the conclusions are remarked
in Section VI.

II. OUTPUT IMPEDANCE MODELING
OF PARALLELED INVERTERS

The three-phase paralleled inverters with master—slave shar-
ing scheme is modeled in this paper, where one of inverters
operates as a master to regulate the system voltage while the
rest of them act as slaves to track the output current of the
master inverter. There are some variants to this sharing scheme,
depending on the selecting of the master. In the dedicated strat-
egy, the master module is fixed to one inverter [9]. In another
variant, the inverter that outputs the maximum RMS current is
selected as the master module [11]. In this paper, the dedicated
strategy is applied in the paralleled system studied for simplifi-
cation since the system stability is less affected by the selection
of the master.

A. System Studied

As shown in Fig. 2, N+1 three-phase inverters operate in
parallel with master—slave sharing scheme, which are composed
by a master inverter and N slave inverters. The ac-side terminal
of each inverter is connected together to the AC bus feeding the
load. The current sharing bus, formed by the output current of
the master, supplies current reference for slave inverters, while
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the synchronous bus offers unified phase angle for all inverters
to make their output voltage in phase [9]-[11].

The internal block diagram of the three-phase inverter with
typical control strategy, covering the power stage and the closed-
loop control, is described by Fig. 3, which can be applied for both
the master and the slave inverter in the parallel system. In the
side of the power stage, the three-phase inverter is equipped with
a LC filter composed by the inductor L and the capacitor C/,
and the connection cable is represented by the impedance Zp.
In the side of the closed-loop control, the three-phase inverter is
regulated under SREF, the phase angle of which 6 is offered by the
synchronous bus, and the control diagram is mainly composed
by the capacitor voltage loop and the current sharing loop.

In the capacitor voltage loop, the proportional-plus-integral
compensator represented by Gy is employed in both D-
and Q-axis, and it is used to regulate the capacitor voltage vcq
and v, within the module, to track the voltage reference v,
and v(, g Furthermore, the inner inductor current loop is intro-
duced to add damping to the LC filter for a better dynamic perfor-
mance of the voltage loop. Therefore, the output of the voltage
compensator Gy, denoted by ¢} , and ¢}, sets the reference for
the inner inductor current loop, in which, the proportional (P)
compensator Gy, is adopted.

In the current sharing loop, the compensator denoted by G g
is utilized to control the output current to track the current refer-
ence in D- and Q-axis, respectively. The output of the compen-
sator, together with the voltage reference V4, sets the reference
of the capacitor voltage loop. It should be noted that the output
of the compensator G is zero in the master inverter since the
current reference is the output current of the master inverter.
Then, the current sharing loop is of no effect in the master in-
verter, which is just regulated by the capacitor voltage loop and
the inner inductor current loop. Therefore, the master inverter
acts as a voltage source to form the system voltage, and the slave
inverters operate as current sources to track the output current
of the master inverter for the load current sharing among all the
inverters.

B. Terminal Characteristics of Individual Inverters

The small-signal model of the whole parallel system can be
built based on the terminal characteristics of individual invert-
ers including the master inverter and the slave inverters, which
are defined under SRFE. As mentioned earlier, there is difference
between the control scheme of the master inverter and the slave
inverter, and therefore, their terminal characteristics should be
defined separately.

The master inverter acts as a voltage source under the regu-
lation of the capacitor voltage loop, and the small-signal distur-
bance on its output current imodq(s) will excite a response on its
output voltage ¥,,,4,(s). Thus, its output impedance Z,, 4,(s).
expressed by (1), is employed to describe its terminal character-
istics, and the relationship between the excitation and response
of the master inverter in small signal is shown in Fig. 4(a)

Zmdd(s) Zmd(](s)
Zmdq(S) - . (1)
qud(S) Z’rrbqq(s)



LIU et al.: OUTPUT IMPEDANCE MODELING AND STABILITY PREDICTION OF THREE-PHASE PARALLELED INVERTERS

5309

Z
o Y
9
Vie 2 —|<} ——"to
o ——=<o
R
1 i
PWM foc
_ 0
il
abg abg
dq dq

the slave inverter, regulating the terminal current, is stable when
connected to a voltage sink. Therefore, there is no right-half-
plane (RHP) pole in their terminal characteristics represented
by (1)—(3), and this feature, which will be employed in the next
section for the derivation of the stability criterion, is similar to
the terminal characteristics of the subsystems in the cascaded
AC system [22], [23].

C. Modeling of Paralleled Inverters

For the whole paralleled inverters, there is a small-signal ex-
citation, i.e., the disturbance on the load current i, dq(s), which
will result in the response on the bus voltage V4, (s). The re-

Fig. 3. Internal block diagram of the inverter with typical control strategy in the parallel system.
lmodq (S) vm(qu (S)
— Lyay(s) [—>
(a)
Vsiodq (S) + lsiadq (S)
— Yiiu(s)
+
lsiudq (S)
— Guigy(s)
(b)
Fig. 4. Representation of individual inverters with their terminal characteris-

tics: (a) master inverter, and (b) slave inverter #i.

The slave inverters operate as current sources under the regu-
lation of the CS loop, and there are two small-signal excitations
for each slave inverter. The one is the disturbance on its current
reference i*;, ,(8), and the other is the disturbance on its output
voltage ¥;4,4(s), where the subscript i denotes the index of the
slave inverter. Both of these disturbances will excite response
on its output current Liodq(s), and the current gain Gyiqq(s)
and output admittance Y ;4 (s) of the slave inverter, expressed
by (2) and (3), respectively, are used to represent its terminal
characteristics. Therefore, the relationship between the excita-
tions and response of the slave inverter in small-signal can be
described by Fig. 4(b)

Gy = [Cad®) Guiads) )
sidg Gsiqd(s)  Giigy(s)
Yos) = | ) Vo) 3)
sidq - }/si,qd(’s) Kf’,qq(s)

It should be noticed that the stability of individual inverter op-
erating standalone can be guaranteed in the design of inverter. In
other words, the master inverter, regulating the terminal voltage,
is stable when unloaded or connected to a current sink, while

lationship between the excitation and the response of the whole
parallel system can be represented by the output impedance
Zgq(s), which is given in (4). This part will derive the model
of the output impedance for parallel system Zgq,(s) with the
terminal characteristics of individual inverters defined in the
previous part by taking account of the interconnection of both
current sharing bus and AC bus

_ [ Zsad(s)  Zsaq(s)
ZSqd(s) ZSqq(S)

The ac-bus voltage is regulated by the master inverter, and
the small-signal of AC bus voltage ¥,44(s) is the same as the
response of the master inverter ¥, 44($), which is expressed by
(5). At the same time, the output voltage of the slave inverters
is actually the AC bus voltage, which can be expressed by (6)

‘Afmodq(s) (5)
Vodq(s) . (6)

With the current sharing bus, the disturbance on the current
reference of the slave inverter is identical to the disturbance on
the output current of the master inverter, which is given by

i:ioziq(s) - imodq(s) . (7)

Finally, the disturbance on the load current will be dis-
tributed into all inverters including both master inverter and slave

Zsay(s) “

‘A’(qu(s) =

{’siodq<s) -
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-A Master
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Fig. 5. Small-signal model of paralleled inverters with master—slave sharing

scheme based on the terminal characteristics of individual inverters.

inverters

N
imadq(s) + Z is?ﬁodq(s) = iqu(S) . (8)
i=1

With the previous analysis, the small-signal block diagram
of the paralleled inverters based on the terminal characteristics
of individual inverters can be described by Fig. 5. Then, the
transfer function from the input deq(s) to the output ¥,4,(s),
i.e. the output impedance of the paralleled inverters Zggq,(s),
can be achieved, which is expressed by (9). It can be found that
the output impedance of paralleled inverters is determined by
the terminal characteristics of the master inverter and the slave
inverters

Zgay(s) = {

N
I+> Gsidq(s)]
i=1

N -1
-[z,,,,,dq(s)]‘l+ZY,mq(s)} )

Consequently, the output impedance of paralleled inverters
Zs54,(jw) can be gained by two steps in the phase of inte-
grating the parallel system. The first step is to measure the
terminal characteristics of each three-phase inverter operating
standalone separately in frequency domain with identical fre-
quency sequence [f1, fa, f3,..., fi,--., [n], including output
impedance of the master inverter Z,, 4,(j27 f;) and the output ad-
mittance of the slave inverter Y, 4,(j27 f;) and the current gain
of the slave inverters G4, (27 f;). Existing technique for mea-
suring impedance of the three-phase converter can be applied
[18]-[20], [27], which will be demonstrated in Section V. In the
second step, the measured terminal characteristics are substi-
tuted into (9) at each frequency f; to gain the output impedance
of the inverters operating parallel Zg,, (27 f;), respectively. It
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2> y(s)

u(s) G(s)

H(s) [«

Fig. 6. Block diagram of the generic multivariable feedback system.

is obvious that the knowledge of the inner parameters of invert-
ers is avoided in the modeling process of paralleled inverters,
and it is very convenient to achieve the output impedance of the
parallel system with the proposed model in practical application.

III. PROPOSED STABILITY CRITERION

The output impedance of the paralleled inverters represents
the transfer function from its excitation iy dq(8) to its response
Vodq($), and therefore the system stability of parallel inverters
can be accessed by investigating its output impedance Zg q,(s).
The three-phase paralleled inverters in the SRF become the
MIMO system, and intuitively, the multivariable control sys-
tem theory should be adopted for stability analysis. The GNC, a
key theorem of the multivariable frequency-domain theory [21],
which has been employed for stability prediction of three-phase
cascaded system based on the output impedance of the source
subsystem and the input admittance of the load subsystem, will
be utilized for stability prediction of three-phase paralleled in-
verters in this paper.

A. Transformation of the Output Impedance

The GNC can directly be applied for the generic multivariable
feedback system shown in Fig. 6, whose closed-loop transfer
function from the input u(s) to the output y(s) is expressed by

Gyysls) =L+ G (s) - H(s) ' G (s). (10)

The GNC can be represented by (11), and it shows the re-
lationship between the number of the RHP poles in both the
system closed-loop transfer function G, (s) and the system
return ratio L(s) expressed by (12), which are denoted by Z and
P, respectively. In (11), N denotes the net sum of anticlockwise
encirclements of the critical point (—14-j0) by the set of char-
acteristic loci of the return ratio L(s). Therefore, it is obvious
that the system will be stable if and only if the net sum of an-
ticlockwise encirclements of the critical point (—1+j0) by the
set of characteristic loci of return ratio L(s) is equal to the total
number of RHP poles of the return ratio L(s)

Z = P—-N
L(s) = G(s)-H(s).

an
12)

However, the form of the transfer function of paralleled sys-
tem studied, shown by (9), is far from (10), and the GNC cannot
be applied to it directly. Therefore, the form of (9) should be
transformed to be close to (10), and the transformation process
is illustrated as follows.
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First, the inverse matrix of Zgq,(s) can be obtained, shown
as (13), which is the sum of two parts

N
I+ Z Gsidq(s)]

Zsaq(s)] " =

: [ mdq (13)

+ ZYwdq

Then, the first part is extracted, and can be expressed by
Zsaq(s)] ™!

N
= { I+ Z G,sidq(s)] ‘ [Zmdq(s)]_l}

I+ Zmdq

-1
I+ Z Gsqu 1 .

(14)

Third, the inversion operation is performed on (14), and the
result is given by (15), which is the product of two inverse
matrixes

Zsay(s)
~1

=1+ Zmdq

N -1
{ 1+ZGsidq<s>] -[zmdq<s>11} :
i=1

And the second inverse matrix can be transformed to the
product of two matrixes, which is shown by

-1y
I + Z Geidq )‘| : Z Ysidq(s)

15)

Zsaq(s)
N -1y -
=qI+ Zmdq(s) I+ Z Gsidq(5>‘| ) Z Ysidq(s)
i=1 i=1
-1
yONE I+ZGW, ] : (16)

According to (16), the system studied can be treated as a
dual-loop system, which is shown in Fig. 7. And the stability of
the paralleled inverters can be checked by applying GNC to the
inner loop and the external loop individually.

B. Derivation of Stability Criterion

As is mentioned earlier, the inverter is stable when it operates
standalone, and there is no RHP pole in its terminal characteris-
tics. Then, the stability criterion based on GNC for the paralleled
system can be derived as follows.

First, in the inner loop, the return ratio, denoted by L/(s) in
this paper, can be expressed by (17), where there is no RHP
pole since no RHP pole exists in the current gain of the slave
inverters. Therefore, the number of RHP poles in the transfer
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Inner loop

Vi, (5)

\4

Zmdq(s )

Fig. 7. Block diagram of the proposed output impedance model of the paral-
leled inverters, which is represented in dual-loop structure.

function of the inner loop expressed by (18) can be obtained
according to (11), which is shown by (19)

N
L' (s) = Y Guigfls) (17)
i=1
N -1
Gin(s) - I+ Z Gsidq(s)‘| (18)
i=1
7' = —Ny. 19)

In (19), N1 represents the net sum of anticlockwise encir-
clements of the critical point (—1+j0) by the set of characteristic
loci of the return ratio L’(s), which are denoted by 7 (s) and I}, (s)
in this paper.

Second, in the outer loop, the return ratio, denoted by L(s) in
this paper, can be expressed by (20). As there is no RHP pole
in the output impedance of the master inverter and the output
admittance of the slave inverters, the number of RHP poles in
the return ratio L(s) is determined by the transfer function of
the inner loop G;,,(s), which has been analyzed in the first step.
As aresult, the number of RHP poles in the transfer function of
the outer loop, i.e., the output impedance of the parallel system
Zg4(s), can still be achieved according to (11), which is shown
by 21)

L(S) — Zmdq m

Z Ywdq

(20)

Z= 7 — Ng. 1)

In (21), Ny, denotes the net sum of anticlockwise encir-
clements of the critical point (—1+j0) by the set of characteristic
loci of the return ratio L(s), which are represented by /; (s) and
I5(s) in this paper.

Finally, by substituting (19) into (21), the number of RHP
poles in the output impedance of the paralleled inverters can be
simplified, which is given by

Z=—(Np + Np).

Since the sufficient and necessary condition for the stability
of the paralleled inverters is that the number of RHP poles in the
output impedance Zgq,(s) is zero, the stability criterion of the
paralleled inverters can be represented by (23), which is stated
as follows. The paralleled inverters are stable if and only if the

(22)
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net sum of anticlockwise encirclements of (—1+j0) by the set
of characteristic loci of the return ratios L(s) and L/(s) is zero
Ny + N = 0. (23)
As aresult, the stability of the paralleled inverters can be pre-
dicted by three steps in practical application. The first step is to
measure the terminal characteristics of individual inverters oper-
ating standalone, which has been mentioned in the previous sec-
tion. Second, at each frequency f;, the return ratios L' (j27 f;) and
L(j27 f;) are calculated according to (17) and (20), respectively,
and then two eigenvalues of L’(j2 f;) denoted by (A}, 15, ), and
two eigenvalues of L(j27 f;) denoted by (11;, A2; ), are computed
out, respectively. Finally, four curves can be plotted in the com-
plex plane based on the points A};,A};, A1; and Ao;, and these
curves correspond to the characteristic loci I}, I, Iy and 5, and
the net sum of anticlockwise encirclements of the critical point
(—1+j0) by the set of characteristic loci is achieved, and thus the
stability of paralleled inverters can be checked according to (23).
In summary, based on the proposed stability criterion ex-
pressed by (23), the stability of paralleled inverters can be pre-
dicted by measuring the terminal characteristics of individual
inverters operating standalone, and the inner parameters of the
inverters are not required. Therefore, the proposed stability cri-
terion is very suitable for the stability analysis of the AC DPS.

IV. TERMINAL CHARACTERISTIC MODELING
OF INDIVIDUAL INVERTERS

The terminal characteristics of individual inverters, i.e., the
output impedance of the master inverter, and the output admit-
tance and the current gain of the slave inverter, are used to model
the output impedance and explore the stability for the paralleled
inverters in the previous sections, which will be modeled in
this section. The power stage and the closed-loop control of the
three-phase inverter in the paralleled system studied are shown
in Fig. 3, which determines the terminal characteristics of the
inverter.

A. Modeling of Power Stage

With the moving average and the coordinate transformation
[28], the average model of the power stage in SRF can be pre-
sented by (24) and (25). In these two equations, dg and d, are
the average duty cycle of three-phase leg in SRF, and i1 4 and
i14 denote the three-phase current of the inductor L; in SRF,
and vy and ve, denote the three-phase voltage of the capac-
itor C'y in SRF, and 4,4 and ¢,, denote the three-phase output
current in SRF. Besides, R; and R represent the equivalent
series resistance of the filter inductor and the equivalent parallel
resistance of the filter capacitor, respectively

iLd 1
iLq

d |iLa
L, = .
I LLJ +
(24)

dg Vod
dq VCyq

0 7W0Lf
(U()Lf 0

L4
+ Ry -

iLg
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Fig. 8. Small-signal model of the power stage in (a) master inverter, and (b)

slave inverter.
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In the master inverter, the output current i,,, ,4, is not regulated
by the current sharing loop, and the small-signal model of the
power stage can be treated as a system with the excitation of the
duty cycle am dq and the output current im(,dq , and the response
of the output voltage V., 4. Therefore, four transfer functions
in the form of matrix can be applied to describe the relationship
between the excitation and the response, which are shown in
Fig. 8(a). These transfer functions are be derived based on the
small-signal linearization of (24) and (25) under the condition
that the dc voltage V. is stiff, which are shown in (A.1)—(A.4).

In the slave inverter, the output current i;.q, is regulated
by the current sharing loop, and the small-signal of the power
stage can be treated as a system with the excitation of both the
duty cycle 85(1(1 and the output voltage V,4,, and the response
of the output current isodq. As similar to the master inverter,
the relationship between the excitation and the response can
be represented for the slave inverter by four transfer functions,
which are shown in Fig. 8(b).

1

Rc

VCd

’ch

B. Modeling of Control System

As shown in Fig. 3, the three-phase inverter is controlled
under SRF with the rotating angle 6 provided by the synchronous
bus, which is called as converter SRF in this paper. It should
be noted that there is another SRF for defining the terminal
characteristics, which is called as SRF for short in this paper.
Since the transfer functions in the small-signal model of the
power stage are not varied with the initial angle of the SRE, it
can be assumed that these two SRFs are identical. Therefore, the
transfer functions of the compensators, including the inductor
current compensators, the capacitor voltage compensators and
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Fig. 9. Small-signal model of (a) master inverter and (b) slave inverter, covering both the power stage and the control system.
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Fig. 10.  Photographs of experimental prototypes: (a) three-phase paralleled
inverters with master—slave sharing scheme and (b) three-phase terminal char-
acteristics measurement setup.

TABLE I
PARAMETERS OF THE MASTER INVERTER IN THE EXPERIMENTAL PROTOTYPE

Parameters Value
DC voltage V. 200V
Filter inductor L ¢ 3.5mH
Filter capacitor C'y 15 uF
Impedance of connection cable Z,, 0.44 mQ +jw x0.51 pH
Switching frequency f 10 kHz
Resistive load of parallel system 20Q
Voltage reference Vj, 4 80V
Voltage reference V;,, ov
Proportional coefficient of G'y/ 0.1
Integral coefficient of Gy 80
Gainof Gy, 0.22

the current sharing compensators, in the SRF can be obtained,
which are expressed by (A.5)—(A.7).

Combining the block diagram of the power stage shown in
Fig. 8, the small-signal model of the master inverter and the
slave inverter can be achieved, which are presented by Fig. 9.

C. Derivation of Terminal Characteristics

In the small-signal model of the master inverter shown in
Fig. 9(a), there are two variables regarding the terminals, i.e.,
the output current imodq and the output voltage V., 44, and the
transfer function between these two terminal, which represents

the output impedance of the master inverter Z,, 4(s), can be
derived, and expressed by

Zinas) = A, [~Geh(s)] -

I+ Grig(s) - Gpwar - Giag(s)] — Zpag(s)  (26)

where
Am =1 + Gqu(S) . Galdq(s) + Gqu(S) . GPWM . G[qu(s)
+Gvag(s) - Grrag(s) - Grwar - Grag(s) - Gy, (s).

In Fig. 9(b), there are three variables regarding the terminals,
i.e., the current reference ijo dg° the output current isodq, and
the output voltage V,,4,. Then, the transfer functions between
these three terminals, which represent the output admittance
of the slave inverter Y4,(s) and the current gain of the slave

inverter G4,(s), can be derived, and expressed by

Yo (5) = A7 [=Zp,(s)] - [T- Lo =L = La] - @27)
Gesag(s) - Gvag(s) - Grrag(s)
Gsdq(s) = A;l .
‘Gpwar - Grag(s) - Ggldq(s) : valdq(s)
(28)

where

L = —Gprays) - Gey,(s)

Lo = ~Geus)  Zpy(s)

Ly = —Grrag(s) - Gpwar - Grag(s)

L= —Gvaf(s) - Grrag(s) - Grwar - Grag(s) - Gog,(s)

Lis = —Gesads) - Gvags) - Grrags) - Gpwar - Grags)
Gy (s) - Zpg,(s)

A;=1-L; — Ly —Ls3 — Lgy — Lgs + Lo - Lys.

V. EXPERIMENTAL VERIFICATION

In order to verify the proposed output impedance model
and stability criterion, an experimental prototype of three-phase
paralleled inverters with master—slave sharing scheme, shown in
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TABLE II
PARAMETERS OF THE SLAVE INVERTER IN THE EXPERIMENTAL PROTOTYPE

Parameters Value
DC voltage V. 200V
Filter inductor L ¢ 3.5mH
Filter capacitor C'y 15 uF
Impedance of connection cable Z,, 0.44 mQ+jw x0.51 pH
Switching frequency f 10 kHz
Voltage reference V4 80V
Voltage reference Vj,, ov
Proportional gain of G ¢ g 200
Time constant of G ¢ g 50 ps
Proportional coefficient of G'y 0.0013
Integral coefficient of Gy 15
Gainof G, 0.22

Fig. 10(a), has been built, and the structure of the experimental
prototype can be represented by Fig. 2, except that two inverters,
i.e., a master inverter and a slave inverter, are just covered. The
DC side of each inverter is fed by a three-phase diode rectifier
separately, the output dc voltage of which is set to 200 V ap-
proximately by adjusting its input AC voltage through an AC
voltage regulator, while resistors are utilized as the load of the
paralleled inverters. The power stage and the control strategy of
individual inverters are represented by Fig. 3, and the parame-
ters of the master inverter and the slave inverters are shown in
TABLE I and TABLE II, respectively.

Furthermore, a three-phase terminal characteristics measure-
ment setup, shown in Fig. 10(b), is constructed to measure the
terminal characteristics of individual inverters as well as the par-
allel system, which is mainly composed by the network analyzer
E5061B from Agilent Technologies.

A. Terminal Characteristics Measurement

The basic principle of measuring the terminal characteristics
of three-phase inverters, shown in Fig. 11, is briefly illustrated
next by taking the output impedance of the master inverter Z,, 4,
for example. First, the small-signal perturbation at the sweep
frequency point is generated by the network analyzer, which is
injected into the output current of the master inverter operating
standalone by the current injection unit. Second, the output
current and the output voltage of the master inverter are sensed
and then transformed into SRF in the controller. Third, the output
current and the output voltage of the master inverter in SFR are
sent to the network analyzer to obtain the output impedance of
the master inverter.

The output impedance of the master inverter is experimentally
measured from 5 Hz to 5000 Hz with the parameters shown in
TABLE I, and the results are shown in Fig. 12. It can be found
that the magnitude of the output impedance in the low frequency
range is very small, and this is caused by the regulation of the
voltage loop.

The output admittance of the slave inverter is experimentally
measured from 5 Hz to 5000 Hz with the parameters shown
in TABLE II, and the results are presented in Fig. 13. The
oscillation within the low frequency range in Y4, and Y,,4
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Fig. 11. System configuration for measuring (a) output impedance of the
master inverter Z,, 44, (b) output admittance of the slave inverter Y ,,, and
(c) current gain of the slave inverter G4, under the condition of standalone
operation.

. Zdd . iy
a2 60, 2 40 il
3 40 32 g
2 20 L ki =Y i
=l = o 2 e
5 op 5 -20E4
< < N
S 20 S 40
90 o -90 =
» M e N
S 0 3 £270
% 90 \ 2450 \
"E = = E- L..._"\‘
-180 630!
10' 10° 10° 10' 10° 10°
[Hz) fHz)
qud Z’”‘iq
_’%? 40 = %\ 60! -
T 20 A T 40
zo HEATEIE-I i N
=1 _20 \ i=1 G - s
& -20p 5 N B Ops
S -40 = -20
_ 90 ST 90, ~
= = gy
290 = g 0 \
2270 \ 2 .90 o
= 450 7 Eago
10' 10° 10° 10' 10° 10°
ftHz) fHz)

Fig. 12.  Experimentally measured output impedance of the master inverter.

represents the noise since the magnitude is extremely low. It can
be seen that the magnitude of the output admittance in the low
frequency range is very low with the regulation of the current
sharing loop.

The current gain of the slave inverter is experimentally mea-
sured from 5 Hz to 5000 Hz with the parameters shown in
TABLE II, and the results are presented in Fig. 14. The oscilla-
tion within the low frequency range in G54, and G4 represents
the noise since the magnitude is extremely low. It can be found
that the magnitude of G,44 and Gs,, in the low frequency is
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Fig. 16.  Experimental waveforms of inverters operating standalone in case I:

(a) three-phase output voltage of the master inverter, v, ,qpc, 40 V/div, and (b)
three-phase output current of the slave inverter, i5,4p., 1 A/div.

flat and closed to one with the regulation of the current sharing
loop.

B. Verification of the Proposed Output Impedance Model

The experimental measurement of the terminal characteris-
tics for the master inverter and the slave inverter, shown in
the previous part, is the base for the verification of the pro-
posed output impedance model for the paralleled inverters with
master—slave current sharing scheme. The process of verifying
the proposed output impedance model can be divided into three
steps: 1) The terminal characteristics of the master inverter and
the slave inverter, under the condition that the inverters operate
alone, are experimentally measured separately, and the mea-
surement results have been presented in Fig. 12-Fig. 14; 2)
the measured terminal characteristics of individual inverters are
substituted into the proposed model, expressed by (9), and the
output impedance of the paralleled inverters can be calculated,
which is shown in Fig. 15; 3) the output impedance of the par-
alleled inverters is experimentally measured directly from 5 Hz
to 5000 Hz, and the measured result is also shown in Fig. 15.

It can be found that the output impedance of the paralleled in-
verters calculated by the proposed model coincides with the one
experimentally measured very well, except the slight deviation
of Zgqq and Zg,q in the high frequency range caused by the
error in the measured current gain of the slave inverter. Thus,
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Fig. 17.  Characteristic loci of (a) return ratio for inner loop L/ (s) and (b) return
ratio for external loop L(s) in case I, which are calculated with the experimentally
measured terminal characteristic of individual inverters operating standalone.

the proposed output impedance model for paralleled inverters is
verified.

C. Verification of the Proposed Stability Criterion

The basic principle of verifying the proposed criterion is by
comparing the stability result predicted by the proposed crite-
rion and the time-domain waveforms of the paralleled inverters,
and the verification process is shown as follows: 1) The out-
put impedance of the master inverter Z,, ,(s) and the output
admittance and the current gain of the slave inverter stq(s),
Gq4(s) are measured when the master inverter and the slave
inverter operate standalone separately; 2) the return ratio of the
inner loop and the outer loop are obtained by substituting the
measured terminal characteristics of individual inverters into
(17) and (20), respectively, and the characteristic loci of each
return ratio are calculated, and thus the system stability can be
predicted according to the proposed criterion represented by
(23); 3) the whole paralleled inverters with master—slave shar-
ing scheme are operated, and the system stability can be directly
judged by checking the waveform in time domain for verifying
the result of stability predicted by the proposed criterion. In this
paper, two cases are implemented to verify the proposed crite-
rion with different the current sharing compensator G¢ g of the
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Fig. 18.  Experimental waveforms of inverters operating paralleled inverters
with master—slave sharing scheme in case I. (a) Three-phase bus voltage, v, ¢,
40 V/div. (b) CH1, bus voltage, v, , 80 V/div; CH3, output current of master
inverter, i,, oq » 2 A/div; CH4, output current of slave inverter, i, , 2 A/div.

slave inverter. As shown in TABLE II, the proportional gain of
G in case Lis 200, and it is increased to 400 in case II.

In case I, both master inverter and slave inverter operating
standalone is stable, and the waveforms are presented by Fig. 16.
Thus the terminal characteristics of each inverter can be mea-
sured, based on which, the characteristic loci of the return ratios
are gained and shown in Fig. 17. In Fig. 17(a), the characteristic
loci of return ratio for the inner loop L'(s) are presented, by
which the critical point (—1+j0) are not anticlockwise encir-
cled, and Ny, in case I is zero. In Fig. 17(b), the characteristic
loci of return ratio for the external loop L(s) are presented, by
which the critical point (—14-j0) are not anticlockwise encircled
either, and thus Ny, in case I is also zero. Therefore, the condi-
tion shown in (23) can be satisfied, and the paralleled inverters
are predicted to be stable. The waveforms of operating whole
paralleled inverters in case I are given by Fig. 18. It can be
found that the load current is equally shared by the master and
the slave, and there is no oscillation in the bus voltage as well as
the output current of each inverter, and the paralleled inverters
are stable. Therefore, the waveforms of paralleled inverters in
time domain coincides with the stability result predicted by the
proposed criterion in case 1.

In case I, the waveforms of both master inverter and slave in-
verter operating standalone are presented by Fig. 19 separately,
and it can be found that both inverters operating standalone are
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Fig. 19. Experimental waveforms of inverters operating standalone in case II:

(a) three-phase output voltage of the master inverter, v,, 545, 40 V/div and (b)
three-phase output current of the slave inverter, 5,4, 1 A/div.

stable. Thus, the terminal characteristics of each inverter can be
measured, based on which, the characteristic loci of the return
ratios are gained and shown in Fig. 20. In Fig. 20(a), the charac-
teristic loci of return ratio for the inner loop L/(s) are presented,
and it can be found that the critical point (—1+j0) is clockwise
encircled twice by the characteristic loci of return ratio L/(s),
and N, in case I is —2. In Fig. 20(b), the characteristic loci of
return ratio for the external loop L(s) are presented, and it can
be found that the net sum of anticlockwise encirclements of the
critical point (—1+j0) by the characteristic loci of return ratio
L(s) is zero. Therefore, there are two RHP poles in the output
impedance of the paralleled inverters in case Il according to (22)
and the condition shown in (23) cannot be satisfied, and thus the
paralleled inverters are predicted to be unstable. The waveforms
of operating whole paralleled inverters in case II are shown in
Fig. 21. It can be found that there is obvious oscillation in the
bus voltage and the output current of each inverter, and the par-
alleled inverters are indeed unstable. Therefore, the waveforms
of paralleled inverters in time domain coincide with the stability
result predicted by the proposed criterion in case II.

In these two cases, the stability result of the paralleled in-
verters predicted by the proposed criterion fully coincides with
the actual phenomenon in operation of paralleled inverters, and
thus the proposed stability criterion is verified.
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Fig. 20.  Characteristic loci of (a) return ratio for inner loop L/(s) and (b)
return ratio for external loop L(s) in case II, which are calculated with the ex-
perimentally measured terminal characteristic of individual inverters operating
standalone.

VI. CONCLUSION

Aiming at the impedance-based stability analysis of three-
phase AC DPS, this paper studies the output impedance model-
ing and stability prediction of the source subsystem, i.e., three-
phase paralleled inverters with master-slave sharing scheme. An
output impedance model of paralleled inverters is proposed with
no need for knowledge about inner parameters of the inverters,
where the terminal characteristics of individual inverters oper-
ating standalone are employed, including the output impedance
of the master inverter, and the output admittance and the current
gain of the slave inverter. Furthermore, a stability criterion is pro-
posed, according to the GNC, for the stability prediction of the
inverters operating in parallel based on the terminal characteris-
tics of the inverters operating stand alone. Besides, the terminal
characteristics of individual inverters are comprehensively mod-
eled in small-signal, and the proposed output impedance model
and stability criterion are verified by the experimental results.

The merit of the proposed approach is that the output
impedance as well as the stability status of the paralleled in-
verters with master—slave sharing scheme can be accessed by
measuring the terminal characteristics of individual inverters
operating alone separately, which are very useful for the
impedance-based stability analysis of three-phase AC DPS.
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The transfer functions in the small-signal model of the control
system for both the master inverter and the slave inverter are

shown as follows
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Fig. 21.  Experimental waveforms of inverters operating paralleled inverters

with master—slave sharing scheme in case II. (a) three-phase bus voltage, v,qpc»
40 V/div. (b) CH1, bus voltage, v,,, 80 V/div; CH3, output current of master
inverter, i,, oq » 2 A/div; CH4, output current of slave inverter, i, , 2 A/div.

APPENDIX

The transfer functions in the small-signal model of the power

stage for both the master inverter
shown as follows:

and the slave inverter are

-SLf + RL —UJoLf
Grafs) = (A.1)
| woLy sLy + Ry,
i 1
sCy + R —woCy
Geas) = ‘ 1 (A2)
00 O R
Ve,
Gpwu = | 2 v, (A3)
0 (&
L 2
[ Zpad(s)  Zpay(s)
Zrafs) = ' (A4)
_Zqu(S) Zqu (8)
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Zp (s+jwy) + Zp (s — jw
Zpad(s) = Zpgy(s) = P (s + jwo) . P (s —jwo)
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