IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 29, NO. 12, DECEMBER 2014

6421

Modeling and Analysis of Harmonic Stability in an
AC Power-Electronics-Based Power System

Xiongfei Wang, Member, IEEE, Frede Blaabjerg, Fellow, IEEE, and Weimin Wu

Abstract—This paper addresses the harmonic stability caused
by the interactions among the wideband control of power convert-
ers and passive components in an ac power-electronics-based power
system. The impedance-based analytical approach is employed and
expanded to a meshed and balanced three-phase network which is
dominated by multiple current- and voltage-controlled inverters
with LCL- and LC-filters. A method of deriving the impedance ra-
tios for the different inverters is proposed by means of the nodal
admittance matrix. Thus, the contribution of each inverter to the
harmonic stability of the power system can be readily predicted
through Nyquist diagrams. Time-domain simulations and experi-
mental tests on a three-inverter-based power system are presented.
The results validate the effectiveness of the theoretical approach.

Index Terms—Current-controlled inverter, harmonic stability,
impedance-based analysis, power-electronics-based power system,
voltage-controlled inverter.

1. INTRODUCTION

HE PROPORTION of power electronics apparatus in elec-
T tric power systems has grown in recent years, driven by
the rapid development of renewable power sources and variable-
speed drives [1]. As a consequence, power-electronics-based
power systems are becoming important components of electri-
cal grids, such as renewable power plants [2], [3], microgrids [4],
and electric railway systems [5]. These systems possess supe-
rior features to build the modern power grids, including the
full controllability, the sustainability, and the improved effi-
ciency, but also bring new challenges. High-order harmonics
tend to be aggravated by the high-frequency switching oper-
ation of power converters, which may trigger the parallel and
series resonance in the power system [6]. The interactions of the
wideband control systems for power converters with each other
and with passive components may manifest instability phenom-
ena of a power-electronics-based power system in the different
frequency ranges [2]-[5].
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Continuous research efforts have been made to investigate
the instability in the ac power-electronics-based power systems.
However, many of the studies focus on the low-frequency os-
cillations caused by the constant power control for convert-
ers as constant power loads [7]-[9] or constant power genera-
tors [10], [11], the phase-locked loop (PLL) for grid-connected
converters [12]-[14], and the droop-based power control for
converters in islanded microgrids [15]-[17]. Apart from such
oscillations associated with the outer power control and grid
synchronization loops, the interactions of the fast inner current
or voltage control loops may also result in harmonic instabil-
ity phenomena, namely harmonic-frequency oscillations (typ-
ically from hundreds of hertz to several kilohertz) due to the
inductive or capacitive behavior of converters in this frequency
range [ 18]-[22]. Furthermore, this harmonic instability may also
be generated or magnified by the control of converters in an in-
teraction with harmonic resonance conditions introduced by the
high-order power filters for converters and parasitic capacitors of
power cables [23]-[26]. Such phenomena have been frequently
reported in renewable energy systems and high-speed railway
[2], [3], [5], [26]-[30], and are challenging the system stability
and power quality. It is, therefore, important to develop the effec-
tive modeling and analysis approach for the harmonic stability
problem in the ac power-electronics-based power systems.

A general analytical approach for the harmonic stability prob-
lem is to build the state-space model of the power system, and
identify the oscillatory modes based on the eigenvalues and
eigenvectors of the state matrix [31]. However, unlike conven-
tional power systems where the dynamics are mainly determined
by the rotating machines, the small time constants of power
converters require the detailed models of loads and network
dynamics in the power-electronics-based power systems [7].
Thus, the formulation of the system matrices may become com-
plicated, and the virtual resistors are usually needed to avoid
the ill-conditioned problems [32]. To overcome these limits, the
component connection method (CCM) is introduced for the sta-
bility analysis of ac power systems including the high-voltage
direct current transmission lines [33]. The CCM is basically
a particular form of state-space models where the power sys-
tem components and network dynamics are separately modeled
by a set of two vector—matrix equations. This results in the
sparsity of the state equations and reduces the computation bur-
den of formulating the system transfer matrices. Furthermore,
the component interactions and the critical system parameters
for the different oscillatory modes can be more easily deter-
mined [34], [35].

Apart from the state-space analysis, the impedance-based
approach, which is originally introduced for the design of input
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filters in dc—dc converters [36], provides another attractive way
to analyze the harmonic stability problem. Similar to the CCM,
the impedance-based analysis is also built upon the models of
components or subsystems. However, instead of systematically
analyzing the eigenproperties of the state matrix as in the
CCM and other state-space models, the impedance-based
approach locally predicts the system stability at each point of
connection (PoC) of the component, based on the ratio of the
output impedance of the component and the equivalent system
impedance [37]. Thus, the formulation of the system matrices
can be avoided, and the contribution of each component to the
system stability can be readily assessed in the frequency domain.
Also, the output impedance of the component or subsystem
can be accordingly reshaped to stabilize the overall power
system [38]. Therefore, the impedance-based method provides
a more straightforward and design-oriented stability analysis
compared to the CCM and other state-space models. Several
applications of the impedance-based approach for the harmonic
stability analysis can be found in ac power-electronics-based
power systems, e.g., the cascaded sour-load inverter system [39],
the parallel grid-connected converters with LCL-filters [22],
and the parallel uninterruptible power supply inverters with
LC-filters [25]. However, in all these cases, the network dy-
namics are often overlooked, which affect the derivation of the
equivalent system impedance, and few of them have considered
the systems including multiple voltage- and current-controlled
converters.

This paper attempts to fill in this gap by expanding the
impedance-based analysis to a three-phase meshed and bal-
anced power system, in which a voltage-controlled and two
current-controlled inverters with LC- and LCL-filters are inter-
connected. The harmonic instability that results from the in-
teractions among the inner voltage and current control loops
of these inverters and passive components is closely studied.
By the help of the nodal admittance matrix, a simple method
of deriving the impedance ratio at the PoC of inverters is pro-
posed to assess how each inverter contributes to the harmonic
instability of the power system. The theoretical analysis in the
frequency domain is performed based on the linearized models
of inverters with inner control loops. The results are validated
by the nonlinear time-domain simulations and experiments on
a three-inverter-based power system.

II. SYSTEM MODELING AND ANALYSIS TECHNIQUES

This section first describes the structure of the built power-
electronics-based power system in this study, and then reviews
the CCM and the impedance-based approach for modeling and
analysis of harmonic stability in the power system.

A. System Description

Fig. 1 shows a simplified one-line diagram for the balanced
three-phase power-electronics-based power system which is
considered in this study, where a voltage-controlled and two
current-controlled inverters are interconnected as a meshed
power network through power cables. The voltage-controlled
inverter regulates the system frequency and voltage amplitude.
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Fig. 1. Simplified one-line diagram of a three-phase power-electronics-based

ac power system.
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Fig. 2. Block diagram of the CCM applied for the built power system.

The current-controlled inverters operate with a unity power fac-
tor. In such a system, the presence of shunt capacitors in the
LC- and LCL-filters of inverters and power cables brings in res-
onant frequencies, which may interact with the inner voltage and
current control loops of voltage- and current-controlled inverters
resulting in the harmonic-frequency oscillations and unexpected
harmonic distortion. On the other hand, the dynamic interactions
between the inner control loops of inverters may also trigger the
existing resonant frequencies in the power system. This conse-
quently necessitates the use of CCM or impedance-based anal-
ysis to reveal how inverters interact with each other and with
the harmonic resonance conditions in the system.

Since this research is concerned with the harmonic instabil-
ity owing to the dynamics of inner control loops, the dc-link
voltages of inverters are assumed to be constant. Also, the grid
synchronization loop for the current-controlled inverters is de-
signed with the bandwidth lower than the system fundamental
frequency. Thus, only the subsynchronous oscillation may be
induced by the grid synchronization [12]-[14]. Under these as-
sumptions, only the inner voltage and current control loops are
modeled in this study. The previous studies have shown that the
inner control loops themselves can be simply modeled by the
single-input and single-output transfer functions in the station-
ary af-frame [20], [25]-[27], [39]-[43].

B. Component Connection Method

Fig. 2 shows the block diagram of the CCM applied for the
built power system, where the CCM decomposes the overall
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system into three subsystems by inverters and the connection
network. Two current-controlled inverters are modeled by the
Norton equivalent circuits [22], while the voltage-controlled
inverter is represented by the Thevenin equivalent circuit [23].
Consequently, the composite inverter model can be derived in
the following:

y(s) = Ga(s)u(s) — Gea(s)d(s), (1)

where y(s) and d(s) are the output vector and disturbance vector
of inverters, respectively

y(s) = [Vi(s),iga(s),iga(s)]" 2)
d(S) = [Zgl(s)’V?(S)’Vé(s)}T 3)

Geci(s) and Geq(s) denote the closed-loop reference-to-
output and the closed-loop disturbance-to-output transfer ma-
trices, respectively, which depict the unterminated dynamic be-
havior of inverters seen from the PoC and can be given by

Gei(s) = diag[Geiv,1(5), Geii 2 (8), Geri 3(8)] “4)
Gea(s) = diag[Z,u,1(5), Yoi,2(8), Yoi 3(s)] )

where Geiy.1(5), Gei2(s), and G, 3(s) are the voltage and
current reference-to-output transfer functions of voltage- and
current-controlled inverters, respectively. Z,, 1(s), Y, 2(s),
and Y,; 3(s) are the closed-loop output impedance and
admittances of the voltage- and current-controlled inverters,
respectively.

The dynamic of the connection work can be represented by
the transfer matrix Gy () as

d(s) = Gnw(8)y(s). (6)

Thus, the closed-loop response of the overall power system
can be derived as

y(s) = I+ Gea(s)G, (s)]71 G (8)u(s) (7

where the transfer matrix [I +Gq(8)Gnw (8)] ™! predicts the
harmonic instability of the power system, provided that the
unterminated behavior of inverters G (s) are stable. In addition
to the eigenvalues technique, the transfer matrix can also be
evaluated in the multivariable frequency domain by means of
the generalized Nyquist stability criterion [44], [45].

It is obvious that the main superior feature of the CCM com-
pared to the other state-space models is to decompose the power
system into multiple decentralized feedback loops by inverters,
and thus the effect of inverters controllers and the associated
physical components on the system oscillatory modes is more
intuitively revealed. Furthermore, the decentralized stabilizing
control loops may be developed by means of the CCM [46].

C. Impedance-Based Approach

Fig. 3 depicts the equivalent circuits of the voltage- and
current-controlled inverters applied for the impedance-based
analysis. It is interesting to note that this approach also sepa-
rately models the internal dynamics of inverters by means of the
output impedance and admittance. However, differently from the
CCM, there is no need of stacking the reference-to-output and
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Fig.3. Impedance-based equivalent models for (a) the voltage- and (b) current-
controlled inverters.

disturbance-to-output transfer functions of inverters as transfer
matrices in the impedance-based approach [38]. Instead, the
impact of a given inverter on the overall system stability is de-
termined by a minor feedback loop composed by the ratio of
the inverter output impedance or admittance, Z,, 1 or Yy,
and the equivalent impedance or admittance for the rest of the
system, Z;,, 1 or Yj; ,, [40]. Furthermore, due to the scalar-type
models for inner control loops of inverters, the impedance ratios
can be depicted by single-input and single-output transfer func-
tions [39], which significantly simplify the harmonic stability
analysis compared to the CCM and other state-space models.
Hence, the impedance-based approach is preferred in this work.

From Fig. 3, the closed-loop transfer functions of inverters
can be derived as follows:

Vi(s) !
= Gclv I(S)Zi (8)
- : i ()
Vi (s) L+ 7
ig, (5) .
e Gcli m (S)Yi (9)
- : i (5)
D)) L+ vy

It is clear that if the unterminated dynamic behavior of invert-
ers, Gcy,1 and Gy; ., are stable, the stability of voltage and
current at the PoC of inverters will be merely dependent on the
minor feedback loops composed by the following impedance
ratios:

Zov,l (S)

o Y:n',m (S)
thv,l(s) ’

To(s
( ) }/li,m (3)

Th.(s) = (10)

which are also termed as the minor feedback loop gains [40].
Based on these minor feedback loop gains, the specifications of
inverters output impedances to preserve the system stability can
be derived.
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Fig. 4. Voltage-controlled inverter with the multiloop control scheme.

Fig. 5.

Block diagram of the multiloop voltage control system.

III. MODELING OF INVERTERS
A. Voltage-Controlled Inverters

Fig. 4 depicts the simplified one-line diagram of the voltage-
controlled inverter and the multiloop voltage control scheme.
The control system is implemented in the stationary frame, in-
cluding the inner proportional (P) current controller and outer
proportional resonant (PR) voltage controller. It is worth men-
tioning that the three-phase inverters without neutral wire can be
transformed into two independent single-phase systems in the
stationary «3-frame [42]. Furthermore, due to the assumptions
of the constant dc-link voltage and balanced three-phase opera-
tion, the voltage-controlled inverter can be linearized based on
the LC-filter and modeled as a real scalar system by single-input
and single-output transfer functions [23]-[25], [42], [43].

Fig. 5 shows the block diagram of the multiloop voltage con-
trol system, where the following two transfer functions are used
to describe the effect of the inverter output voltage Vpw,1 and
grid current 74, on the filter inductor current iy, respectively:

1
Yl = S Zea )
Gii(s) Zosa(s) (11

 Zppa(s)+ Zega(s)

where Z 71 (s) and Zc 1 (s) are the impedances of the filter
inductor and capacitor, respectively. Thus, the dynamic behavior
of the inner current control loop can be given by

- 1+Tcl(s) L1 1+Tcy1<8)i91(8) (12)

iLl(S)

where T 1 (s) is the open-loop gain of the inner current control
loop, which is expressed as

T.1(s) = Gei(s)Gpwm (s)Yri(s) (13)
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—1.5T;s

G.i(s) = Kpi, Gpwu(s)=e (14)

where G.;(s) is the P current controller and Gpwi(s) de-
picts the effect of the digital computation delay (7%) and the
pulse width modulation (PWM) delay (0.5 T) [42]. Then, by
including the outer voltage control loop, the voltage reference-
to-output transfer function and closed-loop output impedance
are derived in the following:

Vi(s) = Ger,1 (8)Vi'(8) = Zow,1(8)ig1(s) (15)

Tols) = ZLijZ;;sJ)rGZuc(;zingi) (28%‘1135511 (s) a7
) = Gty 19
Guils) = Kpo + Sfij% (19)

where G,;(s) is the PR voltage controller and w; denotes the
system fundamental frequency. T;, (s) is the open-loop gain of
the control system. Z,;(s) is the open-loop output impedance
obtained with the outer voltage control loop open and the inner
current loop closed.

B. Current-Controlled Inverters

Fig. 6 shows the simplified one-line diagram of the current-
controlled inverters and the associated control system. The
grid-side inductor current of the LCL-filter is controlled for
the inherent resonance damping effect of the computation and
modulation delays [47]. The PR controller in the stationary «3-
frame is adopted for the grid current control. The synchronous
reference frame PLL is used for the grid synchronization [48].

It is important to mention that the PLL has an important ef-
fect on the output admittance of the inverter in addition to the
current control loop. The inclusion of PLL effect will intro-
duce an unbalanced three-phase inverter model which needs to
be described by transfer matrices [12]. However, it has been
found in recent studies that the PLL only affects the output
admittance within its control bandwidth where the negative re-
sistance behavior may be introduced [14], and this problem can
be avoided by reducing the bandwidth of PLL [13]. Hence, in
this work, the bandwidth of the PLL is designed to be lower
than the system fundamental frequency in order not to bring in
any harmonic-frequency oscillations. Thus, the current control
loop itself is linearized based on the LCL-filter and is modeled
as a real scalar system.

Fig. 7 depicts the block diagram of the grid current control
loop. The LCLAfilter in itself is a two-input and single-output
system, where the PoC voltage V;,, and the inverter output volt-
age Vpwu,m are the two inputs and grid current i, is the
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Block diagram of the grid current control loop.

output. Thus, the following two transfer functions are used to
model the LCLfilter plant:

igm (5)
Yim Ss) = TA— -
giom (3) Vewat.m (8) Vi (8)=0
ZCfm (5)
Zcfm (8)Z1sm(8) + Zrgm (8)Z1pm (8) + Zepm (8)ZLg.m(s)
(20)
Ggm ()
Y:)‘m (S) =2 -
Vin (S) VPwM,m (5)=0

ZLf,nL (‘S) + ZCf,rrL (5)
ZCme (S)ZLfJVL (S) + ZLg,m (S)ZL f.m (S) + ZCf,m (S)ZLQJN (S)

2D

where Zrf.,(s), Zrgm(s), and Zcym(s) denote the
impedances of the LCL-filter inductors and capacitor, respec-
tively. Y, ,,, (s) is the open-loop output admittance. From Fig. 7,
the closed-loop response of the current control loop can be de-
rived as follows:

Z.!lm (3) = Gcli,m (S)i;m (5) - Y:n?,m (s)‘/’” (8) (22)
Tc.m(s) Y, rn(s)
Gch,m (S) T T[:Jn (S) s Loi,m (5) 14+ Tc,m (S) (23)

where Goj;(s) and Y,; ,, (s) are the current reference-to-
output transfer function and closed-loop output admittance, re-
spectively. T, ,, (s) is the open-loop gain of current control loop,
which is given by

Zz,m (8) - G(:gi(s)GP\VI\'I (S)Y;/i,m(s) (24)
K,4is

cgi(8) = Kpgi — 25

Gegi(s) pg +52—|—w2 (25)
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where G.;(s) is the PR current controller.

IV. ANALYSIS OF HARMONIC STABILITY

To perform the impedance-based analysis of harmonic stabil-
ity in the built power system, a method of deriving the impedance
ratio at the PoC of each inverter is proposed in this section. It
is noted from Fig. 3 that the equivalent system impedance seen
from the PoC of the inverter is indispensable in the impedance
ratio. Hence, an equivalent system impedance derivation proce-
dure is developed by the help of the nodal admittance matrix
and used in the following analysis.

A. System Equivalent Circuit

Fig. 8 depicts the impedance-based equivalent circuit for the
power system shown in Fig. 1. The power cables are represented
as the II-section models to include the effect of parasitic capac-
itors. Also, to facilitate the formulation of nodal admittance
matrix, the Thevenin model of the voltage-controlled inverter is
converted to the Norton circuit, where Y, 1 = 1/Z,, 1.

To obtain the equivalent system impedance at each PoC of
the inverter, the system nodal admittance matrix (Y. ) including
the closed-loop output admittances of inverters, as highlighted
by the dot—dashed line in Fig. 8, is derived as

You1Gerw 1 V' Wi
Gelialgs = Yo | V2 (26)
Geii3iys Vs
You1 +2Y, -Y, —Y,
Y. = -Y, Yoio +2Y, + Y, -Y,
-Y, Y, Yois+2Y, + Y5,

(27)
where Y), is the cable admittance, and Y7, ; and Y7 » are the
admittances for loads 1 and 2 connected to Buses 2 and 3, re-
spectively. Then, by inverting Yy, the nodal impedance matrix
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(Zy,c) is given by
Z11 Zio Zi3
Tne =Y L = | 21 Zos Zns (28)
Z31 Z32 L33

where the elements are expanded in (29) as shown at the bottom
of the page.

It is worth noting that the diagonal elements of the nodal
impedance matrix are the equivalent system impedances seen
from the equivalent current sources of inverters, which include
the closed-loop output impedances of inverters and the equiva-
lent system impedances at the PoC of inverters. Consequently,
the equivalent system impedances at the PoC of inverters can be
derived by the following relationship:

7 = Zo’u.lzlv,l _ 1
11=F5 5 > 2=
Zow1 + 21 Yoio+ Yo
Z 1 30)
33 =5 ————-
Yoizs+ Y3

Furthermore, comparing the term Z;; in (30) with (8), it
is seen that the closed-loop response of the voltage-controlled
inverter can also be expressed by

Vi(s)
Vii(s)

= G(:lv,l(S)le(s)Ya’u.l(s) (31)

where Z11Y,, 1 is the closed-loop gain of the minor feed-
back loop. Similarly, the closed-loop responses of the current-
controlled inverters can also be found by means of the nodal
admittance matrix (Yyo) derived at the PoC of inverters, which
is highlighted by the dashed line in Fig. 8
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TABLE I
MAIN ELECTRICAL PARAMETERS OF THE POWER SYSTEM

Electrical Constants Values (p.u.”)
Power cables Series inductance (L,) 0.005
(IT-section) Seres resistance (R,) 0.013
Shunt capacitance (C,) 0.01
RL load 1, 2 Resistance (R;=R;) 0.12
Inductance (L, =L,) 5.06
Filter inductor (Ly;) 0.03
i‘;?};?i?f ontpolled Filter capaictor (Cr1) 0.13
DC-link voltage (V4.,1) 1.88
Filter inductor (Ls> = Lg3) 0.3
Filter capacitor (Cpz= Cy3) 0.024
Current-controlled Filter inductor (Lg>= Lg3) 0.035
inverter 2, 3 DC-link voltage (Ve =Vae3) 1.88
Active power (P, = P3) 0.1
Reactive power (Q,= 03) 0

8 System PU base voltage: 400 V, base frequency: 50 Hz, and base power: 10 kVA.

Together with (26), (28), and (29), the closed-loop response
of the equivalent current sources can be derived as

g1 Y;)v,l Gcl’zx,l ‘/1*
% =Y0Zne Gcli,2i22 (33)
lg3 Geii3iys

Comparing (33) with (9), it can be found that the second
and third diagonal elements of the closed-loop transfer matrix
Y,oZ, . represent the closed-loop gains of the minor feedback
loops for the current-controlled inverters.

B. Impedance-Based Analysis

ig1 2Y, Y Y Vi Table I lists the main electrical parameters of the studied
igo | = =Y, 2Y,+Yr. =Y, Vs | . (32) power system. Table II gives the parameters of the voltage
ig3 Y, -y, 2Y, + V.5 v and cu'rrent controllers for inverters. The cab%es use the same
' 3 II-section models, and two current-controlled inverters are also
Y., designed with the same parameters for the sake of simplicity.
YoioYois + YoioYio + YoisYi1 4+ 2Y0i2Y, +2Y0isY, + Y0 1Y 0 + 2V 1Y, 4 2V 1Y, +3Y)?
Zn = v
nom
You1Yoi3 + You1 Y2 +2You 1Y), + 2Y5, 3Y), 4 2Y1 »Y), + 3Y)7
Zyg = %
You1Yoin +You 1Yo 1 +2Y,0 1Y, +2Y50Y, +2Y7 1Y), + 3Y}]2
Z33 = v
Y,i3Y, + Y50V, +3Y2 YoioY, + Y, 1Y, +3Y? YooY, + 32
Zig =2y = - z = Ziz=Zn = £ : L, Ty =T = ——F—L

)
}/11 om

)
}/nnm }/HOHI

Yiom = 3Yp2 (You1 +Yoi0+Yos+ Y1 +Yr2)+2Y,(You 1Yoio +You1Yois + You 1Yo 1 + You1Y1 2)

+ (Y, + You 1) (YoioYois + YoioYr o + YoisYr 1 + Y1 1Y1 0)

(29)
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TABLE II
CONTROLLER PARAMETERS OF INVERTERS
Controller Parameters Values
Current controller | K}, 8
- K, 0.1
YOltage controlled Voltage controller 4
inverter 1 K, 100
Sampling period Ta) 100 ps
Kpgin= Kpgis 15
Current-controlled Current controller K. o —K 600
inverter 2, 3 rgi2 g3
Sampling period Tyo=Tgu3 100 ps
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Fig.9. Frequency responses for the open-loop gains of the voltage-controlled

inverter, T, (s), and the current-controlled inverters, T¢ (s).

Fig. 9 shows the frequency responses of the inner control
loop gains, T, (s) and T, ,, (s), for the voltage- and current-
controlled inverters, respectively. The stable unterminated
dynamic behaviors of inverters at the PoC are observed with
the controller parameters listed in Table II. This provides a the-
oretical basis for using the minor feedback loops to assess the
harmonic stability of the power system.

Fig. 10 depicts the Nyquist diagrams of the minor feed-
back loop gains of the voltage- and current-controlled inverters.
Since the impedance ratios are described by the single-input and
single-output transfer functions, the Nyquist stability criterion
can be directly used to evaluate the interactions among the inner
control loops of inverters and the network dynamics. It is seen
that the minor feedback loop for the voltage-controlled inverter
is unstable, whereas the minor feedback loops for the current-
controlled inverters are stable. This implies that the impedance
interaction at the PoC of the voltage-controlled inverter (Bus 1)
causes the harmonic instability in the power system, and the ad-
mittance interactions at the PoC of current-controlled inverters
have no contribution to the harmonic instability.

Fig. 11 shows the Nyquist diagrams of the minor feedback
loop gains after adjusting the controller parameters for the
voltage-controlled inverter. In this case, the proportional gains
of the P current controller and the PR voltage controller are

6427

Imaginary Axis
o

-40 -30 20 10 0 10 20
Real Axis

Imaginary Axis

Real Axis

(b)

Fig. 10. Nyquist plots of the minor feedback loop gains of inverters in the
unstable case. (a) Full view. (b) Zoom in (—1, jO).

reduced (K,; =5, K, = 0.05). It is clear that all minor feed-
back loops become stable. This fact again indicates that the
voltage-controlled inverter with the controller parameters given
in Table II causes the harmonic instability in the power system
even if it has a stable unterminated dynamic behavior.

V. SIMULATION AND EXPERIMENTAL RESULTS

To validate the impedance-based stability analysis in the fre-
quency domain, the power system in Fig. 1 is built in the nonlin-
ear time-domain simulations by using the MATLAB and PLECS
Blockset, and the experimental tests.

A. Simulation Results

Fig. 12 shows the simulated grid currents of inverters with the
electrical constants and controller parameters given in Tables I
and II. The simulated bus voltages are shown in Fig. 13. It
is seen that the harmonic-frequency oscillation occurs in the
power system, which confirms the frequency-domain analysis
in Fig. 10.

In contrast, Fig. 14 shows the simulated grid currents of in-
verters after reducing the proportional gains of controllers for
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Fig. 14.  Simulated grid currents of inverters in the stable case.

the voltage-controlled inverter (K,; = 5, K,, = 0.05). The
simulated voltage at each bus of the system is shown in Fig. 15.
It is obvious that the harmonic instability phenomenon shown

10 : . : in Figs. 12 and 13 becomes stabilized in this case. This agrees
0.36 037 T:l;.is(s) 039 040 well with the theoretical analysis in Fig. 11 and also verifies that

the harmonic instability in the power system is caused by the

Fig. 12. Simulated grid currents of inverters in the unstable case. voltage-controlled inverters rather than the current-controlled

inverters.
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Fig. 16.

Hardware picture of the built laboratory test setup.

B. Experimental Results

Fig. 16 shows a hardware picture of the built power-
electronics-based power system in laboratory. Three Danfoss
frequency converters are employed to operate as a voltage-
controlled inverter and two current-controlled inverters. The
control algorithms of inverters are implemented in DS1006
dSPACE system, in which the DS5101 digital waveform output
board is adopted to generate switching pulses in synchronous
with the sampling circuit [42]. The current transducer LA 55-P
and voltage transducer LV 25-P are used to acquire current and
voltage signals, respectively, for the digital control circuit.

In the experimental tests, the bus voltages of the power
system and grid currents of inverters are recorded by using
the digital oscilloscope with the 250-kS/s sampling rate and
the 100-kHz effective bandwidth. The current probe with the
100-kHz bandwidth is adopted for the current measurement. The
differential mode voltage probe with the 25-MHz bandwidth
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Fig. 17.  Measured grid currents of inverters in the unstable case.

and maximum 1000-V root mean square is used for voltage
measurement.

First, the unstable case that is based on the controller param-
eters given in Table II is tested. Figs. 17 and 18 depict the mea-
sured grid currents of inverters and the measured bus voltages,
respectively. It is observed that the same harmonic-frequency
oscillation arises in the experimental test as in the simulation
results shown in Figs. 12 and 13. Furthermore, in both the sim-
ulation and experimental test, this harmonic-frequency oscilla-
tion propagates into the whole power system and leads to the
unexpected harmonic disturbance to the current control loops of
the current-controlled inverters. Consequently, even though no
unstable condition is brought by the current-controlled invert-
ers, as shown in Fig. 10, the harmonic-frequency oscillations
are still present in the grid currents of current-controlled in-
verters. Hence, it is difficult to identify the source of harmonic
instability in the power system by merely observing the simu-
lations and experimental results. The impedance-based analysis
in the frequency domain thus becomes important to reveal how
each inverter contributes to the harmonic stability of the power
system.

Then, the stable case with the reduced proportional gains of
the controllers for the voltage-controlled inverters (Kpi = 35,
Kpv = 0.05) is tested. Figs. 19 and 20 show the measured grid
currents of inverters and bus voltages, respectively, where the
stable operation of the power system is clearly observed. This



6430 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 29, NO. 12, DECEMBER 2014

v, 100 V/div] 1y [S A/div]

[4 ms/div] [4 ms/div]

: ¥ v, 100 V/div] i (2 A/div]
VAVAY s VAV a

/{“ / f »,H
| I

[4 ms/div] [4 ms/div]

/Al\l\]l] Vidiv] b [2 A/div]
.
[4 ms/div]
Fig. 18.  Measured bus voltages in the unstable case. Fig. 19. Measured grid currents of inverters in the stable case.
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matches well with the simulations results shown in Figs. 14 and
15, and further validates the impedance-based stability analysis
in Fig. 11. Together with Figs. 17 and 18, the experimental tests
point out that the interaction between the voltage control loop
of the voltage-controlled inverter and the rest of network results
in harmonic-frequency oscillations propagating into the power
system.

|4 ms/div]
V, 100 V/div) |

VI. CONCLUSION

This paper discusses a modeling and analysis procedure for
the harmonic stability problem in the ac power-electronics-
based power systems. Two attractive stability analysis methods,
i.e., the CCM and impedance-based approach, have been briefly
reviewed. It has been found that the impedance-based approach
provides a more computationally efficient and design-oriented
analysis tool than the CCM. The impedance-based approach
was expanded to a three-phase meshed and balanced network,
where the harmonic instability resulting from the interactions of
the inner control loops for the voltage- and current-controlled
inverters was studied. A method for deriving impedance ratios
was developed based on the system nodal admittance matrix.
Time-domain simulations and experimental results have shown _
that the proposed approach could be a promising way to ad- [4 ms/div]
dress the harmonic instability in the ac power-electronics-based
power systems. Fig. 20. Measured bus voltages in the stable case.
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