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Abstract—Recently, multiple static synchronous compensator
(STATCOM) units have been adopted in power transmission sys-
tems in order to obtain a better voltage regulation and to share
loads. However, they could possibly interact in a negative way
instead of helping each other, due to the improper design of the
STATCOM controllers. To analyze this problem, a d—g frame
impedance-based stability analysis was used to explore the insta-
bility with the presence of STATCOMs, where previous stability-
related findings are not applicable directly because of some unique
features of STATCOMs. This paper identified the frequency range
of interactions in a viewpoint of d—¢g frame impedances and pin-
pointed that the ac voltage regulation was the main reason of
instability, masking the effects of phase-locked loop on power
transmission systems. In addition, due to the high impedance of
STATCOMs around the frequency range of interactions, the num-
ber of connected STATCOMs was the main contributor to stability
instead of the topology of power systems or the locations of STAT-
COMs. A scaled-down 2-STATCOM power grid was built to verify
the conclusions experimentally. This paper is accompanied by a
video showing instability between STATCOMs in the experiment.

Index Terms—Impedance-based stability criterion, small-
signal impedance, stability, static synchronous compensators
(STATCOM).

I. INTRODUCTION

TATIC synchronous compensators (STATCOMs) have

been widely adopted in modern power systems to offer
reactive power compensation [1], [2] and enhance stability
performances [3]-[5]. It is a common practice to install a STAT-
COM at the bus either where it can regulate the bus voltages
over the grid to its best performance, or where some renewable
energy is connected. However, this single-STATCOM approach
may not be the best solution in every power system because
of the following reasons. First of all, reactive power cannot be
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delivered through long distances, and a single STATCOM may
not be able to maintain all the bus voltages [6], [7]. Second,
more than one STATCOM can possibly achieve better oscillation
damping [8], [9]. Third, several STATCOMs that are small in
power rating could be more economic than a large one. Due to
the aforementioned considerations, there is a power transmission
grid from Dominion Energy with four STATCOMs installed in
physical proximity, about 10 miles away [10].

By having multiple STATCOMs installed adjacently, a better
voltage profile over the grid can be obtained, and the STATCOMSs
are able to share the load burden. Additionally, flexibility of an
operation is available to facilitate maintenance, and, for example,
one STATCOM can be disconnected from the grid for the mainte-
nance or adjustment while the others are online. However, during
the deployment of such facility with multiple STATCOMs, a
huge effort is necessary on tuning controllers of the STATCOMs
to ensure power system stability when they are working together.
Researchers have been studying the influences of a single STAT-
COM connected to a given power grid, including steady state,
small-signal, and large-signal stability. STATCOMs can induce
instability to a power system due to interactions with other
power electronic converters in the system, such as a high-voltage
direct current (HVdc) transmission station [11]—[14], or a wind
farm [15]-[20]. However, instability due to interactions between
STATCOMs is not yet documented, except our preliminary
results presented in [11]. The existing discussions on multiple
STATCOMs are mostly focused on steady-state analysis, for
example, allocation and sizing [12]-[15] and coordinated sec-
ondary voltage regulation [6], [7], [9], [16]-[18]. This paper
will try to fill the blanks in small-signal stability, starting from
assessments of a power system with multiple STATCOMs in
proximity to see how multiple STATCOMs could interact and
what the crucial reason of the potential instability is.

In this paper, the targeted scenario is that each STATCOM
is individually designed to be the best, without knowing the
existence of the other ones. This scenario is likely to happen
when the STATCOMs are from different vendors and there is
very limited information flowing between the vendors to achieve
globally optimized design for all the STATCOMs. Admittedly,
if one could access the full information, i.e., the power system
parameters and all the STATCOM parameters, it is possible
to optimize the STATCOM parameters to guarantee stability.
However, this ideal condition would be unattainable in many
practical cases. Therefore, the selection and optimization of the
STATCOM control parameters are based on each STATCOM’s
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terminal and the corresponding Thevenin equivalent circuit of
the power system, assuming that the buses of the other STAT-
COMs were ideal PV or PQ buses, or with detailed state-space
models if available. The parameter optimization is designed by
control loop gains, which is a typical design approach for power
electronics converters and how STATCOM vendors would do in
practice. Usually, the vendors will be offered with a simplified
system network from the system operator or integrator, and the
design will be based on that. When installing the real equipment,
engineers from the STATCOM vendors would tune the control
parameters on field.

There are many methods to study small-signal stability in
power systems, for example, state-space-model-based method
[19], impedance-based method, and phasor-based method [20].
Using the state-space model, a full-order model of a STATCOM,
including the details of the controller, was presented in [21].
Impedance-based stability analysis, which has been proven of
great success in dc systems for along time [22] and has since then
become attractive too in power-electronics-based three-phase ac
systems [23]-[33]. Such analysis uses the measurable terminal
characteristics of power converters, that is, their small-signal in-
put and output impedances, to analyze the small-signal stability
at a given ac bus or interface at a given operating point. As such,
this approach can assess the small-signal stability of systems
without knowing the internal details of power converters and
other power system components, representing a significant ad-
vantage for system integrators. Specifically, constant power load
(CPL) dynamics were found to trigger instability in three-phase
power electronics systems [23], [25], [27], where the d-channel
impedance element was the main reason of instability. On the
other hand, synchronization to the grid with inverters injecting
active power was identified to be another source of instability
[29], where the instability was found as a result of interactions
of impedances in the q-channel.

However, several key features of STATCOMs distinguish
themselves from the existing research, which ultimately deter-
mine different possibilities of a STATCOM to induce dynamic
interactions with other system components. The first one is that
the impedance of a STATCOM, working at nearly zero power
factor, has strong coupling between its d—q channels, which
renders all d—q frame impedance elements of similar magnitude.
In the unity power factor case as in previous research [23],
[27], [29], the magnitude of Z4q and Z,, elements are much
larger than the cross-coupling terms Zg4, and Z4q, which under
specific circumstances can simplify the assessment of stability
by avoiding the use of a multivariable stability theory, such as the
generalized Nyquist criterion (GNC), allowing for the use of the
standard Nyquist criterion across the single-input single-output
d-d and g—q channels directly. However, in the STATCOM
case, the similar magnitude of all impedance elements makes
the stability assessment a multivariable problem requiring the
use of the GNC to determine the small-signal stability at a
given ac interface. As such, the eigenvalues of the return ratio
matrix, which is the product of the upstream and downstream
impedances seen at the ac interface, need be examined by apply-
ing the GNC, as the analysis of the d—q frame impedances will be
inconclusive. The second feature is that the negative-incremental
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input impedance of a STATCOM can be reflected either on its
d- or g-axis channel depending on its reactive power operating
mode, where reactive power is generated to support the grid
voltage and absorbed under high-voltage conditions [30]. This
unique characteristic represents a challenge from a stability
standpoint, as previous findings had shown that instability could
be triggered either in the d-channel due to CPL dynamics [27],
or in the g-channel as a result of active power being injected
synchronously into the grid [29]. STATCOMs, with their dual
behavior, and hence double challenge, embody in consequence a
new instability pattern in power system. The third feature is that
STATCOMs, by nature, compensate the voltage at the point of
common coupling (PCC), which is also where they synchronize
their operation. As a result, their synchronization and ac voltage
compensation loops are inherently and strongly coupled from a
control standpoint, as they do not simply track the grid voltages,
but regulate them. All these dynamic characteristics differ sig-
nificantly from those of grid-tied inverters and rectifiers, which
renders previous stability-related findings for these converters
nonapplicable directly. This paper will aim to address these
issues and discover the roots of potential instability.

The rest of this paper is organized as follows. Section II
presents the IEEE 14-bus system with four STATCOMs with
their control; Section III shows the potential instability due to
STATCOM control; Section IV uses d—¢ frame impedances to
analyze the instability phenomena; Section V shows experi-
mental verification with a scaled-down 2-STATCOM prototype
system; and Section VI concludes this paper.

II. IEEE 14-Bus SYSTEM WITH FOUR STATCOMS

To generalize the analysis on interactions between STAT-
COMs, an IEEE 14-bus system test bed was selected with four
STATCOMs placed nearby, as shown in Fig. 1. The four STAT-
COMs are installed at different buses in the 230-kV transmission
grid, as shown in Fig. 1, where each thin line represents a
transmission line with its impedance.

The topology of the STATCOM under consideration, shown in
Fig. 2, was assumed as a two-level converter and a step-up trans-
former, which is reasonable in terms of power-system-level dy-
namics and control. More recently, modular multilevel converter
(MMC)-type STATCOMs have been introduced, which, how-
ever, feature similar dynamics from synchronization, current
loop, and voltage regulation loops, that is, in their low-frequency
range characteristics. The main results herein presented can
then be generalized, from an ac-terminal standpoint to other
multilevel and MMC-type topologies. The control system of the
STATCOM in question, as shown in Fig. 2, features an inner
current-loop and outer voltage-loop, both of them oriented by a
phase-locked loop (PLL) tracking the PCC voltage. The inner
current-loop is decoupled in the d—q frame prior to generating the
duty cycles (d) for the PWM block that generates the gating sig-
nals to drive the semiconductor devices. In the current loop, the
d-channel is used to regulate the dc bus voltage and the g-channel
to regulate the ac-bus voltage magnitude. An optional reactive
power—voltage (QV) droop curve uses the actual reactive power
output to modify the PCC voltage reference.
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Fig. 2. Schematics of a STATCOM with its controller.

Fig. 3 shows the details, where variables with an asterisk (x)
corresponds to reference signals; subscript d means variables in
the d-channel, and subscript ¢ means variables in the g-channel.
The inner current-loop is controlled in the d—q frame, where the
d-channel compensator is G;q and the q-channel compensator
is Gciq. The d-channel current reference is provided to maintain
the dc bus voltage using dc voltage compensator G,,qc, and the
g-channel current reference is given to regulate the ac bus voltage
magnitude via the ac bus voltage compensator G,,.. Outside
the ac voltage loop, there is an optional QV droop to allow
the PCC voltage vary in an acceptable range in order to lessen
the burden of the STATCOM. This additional loop is shown in
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Fig. 4.  QV droop for STATCOM control.

Fig. 4, where K represents the slope and vpccqp is the set point
when the STATCOM generates zero reactive power. The PLL is
a synchronous reference frame PLL that regulates the q-channel
ac bus voltage to be zero using the PLL compensator G .pr1, to
track the grid voltage
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A simple design procedure for the compensators is followed
per [34]

ki wei L wei R
Geid = Geiq = kpi + f’ where kp; = ‘;;C skii = ‘ZC
(2)
wac Wew
Gc’uac = Rpvac + ,where kpvac = M7
WCU
kivac = 3
only (3)
k.
GepLL = kppLL + PLL where kppLr = HePLL ki, =0
d
4)

where w,; is the bandwidth of current loop, w,.,, is the bandwidth
of ac voltage loop, w.prr, is the bandwidth of PLL, L is the
transformer inductor, R is the parasitic resistor, V. is the dc
bus voltage, w, is the line frequency, L, is the Thevenin grid
inductor, and V,c.q is the d-channel grid voltage at PCC. The
controllers were designed based on the Thevenin equivalent grid
impedance L at their terminal as a benchmark individually. The
PLL was designed with 5 Hz bandwidth and 85° phase margin for
60 Hz grid frequency to attenuate detected frequency. A current
loop with 200 Hz bandwidth and 90° phase margin, assuming
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TABLE I
PARAMETERS OF STATCOMS

Parameter Symbol | Value
DC bus voltage Vae 100 kV
D-channel PCC bus voltage in system d-q frame Vicea 30.35kV
Q-channel PCC bus voltage in system d-q frame Vioces -4652V
D-channel grid side current in system d-q frame I 9.12A
Q-channel grid side current in system d-q frame 1, -1.78 kKA
Inductance of step-up transformer L 7.3 mH
Resistance of step-up transformer R 21 mQ
Capacitance of the dc capacitor Cye 100 mF
Discharging resistor in dc side Ry 20 kQ

ki 0.00017

ke P

Current controller k,; + ki/s k. 0015
Current loop bandwidth Sfei 200 Hz

k, 0.002
PLL controller kpr; + kipi/s kf :]L]L 0.02
PLL bandwidth JfeprL 5Hz

k 0.445

Gk pac

AC voltage controller ke + kiao/s o 2275
AC voltage loop bandwidth Sovae 7Hz

Kipac 1.25
DC voltage controller ke + kiao/s kfd: 0225
DC voltage loop bandwidth Sevde 0.1 Hz

the equivalent switching frequency to be 2 kHz, was designed
to ensure a good current waveform. The ac voltage loop was
tuned to be at 7 Hz bandwidth with 45° phase margin, and the
dc voltage loop was adjusted to be at 0.1 Hz bandwidth with 60°
phase margin. Every STATCOM was stable by itself connecting
to the power system with enough phase margins. The parameters
of studied STATCOMSs are shown in Table I in simulation, and
the four STATCOMs are identical. Note that all the variables are
transformed to the low-voltage side of the transformer.

III. POTENTIAL INSTABILITY DUE TO STATCOM CONTROL

In this section, the STATCOM was modeled in time domain
using state-space averaging equations. The model can be found
in Appendix A to save space as this is not the focus of this paper.
With that, the evaluation was done in time-domain simulation
in MATLAB/Simulink because it also provides plentiful func-
tions in frequency-domain analysis. The four STATCOMs were
successively connected online at the moments of 1, 3, 5, and 7
s, as shown in the marked order in Fig. 1. The effects of the ac
voltage loop, the PLL, and the QV droop were assessed with
the d-channel voltage at the terminal of STATCOM 1, shown
as an indicator of stability. For each control loop, the system
was evaluated with two different control bandwidths. Under any
case with different control bandwidths, STATCOMs could work
individually with sufficient phase margins but they could interact
with each other in a negative way. In the following figures, stable
cases are plotted in blue, and unstable cases are plotted in orange.

Fig. 5 depicts how the system would behave with two ac
voltage loop bandwidths: When its bandwidth was 7 Hz (blue),
the system was stable with four STATCOMs connected; when
the bandwidth was increased to 16 Hz (orange), the system
had faster responses before the fourth STATCOM working and
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unstable when the fourth connected at the oscillatory frequency
of about 10 Hz. Note that at this time the QV droop was not
functioning. With increasing ac voltage loop bandwidth, the
system tended to be more unstable. Actually, the connection
sequence of the STATCOMs did not matter in terms of stability,
no matter which STATCOM was connected first or last, and
this held for all the cases. This is because in the frequency
range of instability, the STATCOM dynamics were dominant
in frequency responses, which will be further analyzed from
impedance point of view in Section IV-D.

The effects of the PLL bandwidth are shown in Fig. 6. Still, the
QV droop was not running at this time. When the PLL bandwidth
was low, i.e., 5 Hz (plotted by orange color in Fig. 6), the system
was unstable; when the PLL bandwidth was increased to 10 Hz
(plotted by blue in Fig. 6), the system became damped and stable.
A higher PLL bandwidth tended to stabilize the system.

The above-mentioned two assessments showed that the ac
voltage loop and PLL posed influences on stability. However,
STATCOMs are trying to compensate the voltage at the PCC,
where they are synchronized, and, thus, synchronization and ac
voltage compensation are naturally coupled in control. When
instability happened in the presence of STATCOMs [32], [33],
it is necessary to point out what was the root of instability and
to identify which control loop had the most influence in order to
distinguish impedance behaviors from different control loops.
Usually for a 50- or 60-Hz power grid, it is reasonable to tune
the PLL bandwidth to be several Hertz, to suppress harmonics
in synchronization. On the other hand, grid codes often require
STATCOMs to compensate voltage fluctuations within a few line
periods, and it means that the ac voltage loop bandwidth should
be about 10 Hz. As such, it is difficult to differentiate dynamic
responses from the ac voltage loop and the PLL because they
have similar bandwidths. Their coupled effects on stability will
be elaborated from impedance point of view in the following
section and also the origin of instability will be pinpointed.

Fig. 7 presents how the QV droop influenced the system
stability. The ac voltage loop bandwidth was tuned to 14 Hz to
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make the system stable with four STATCOMs running without
the QV droop activation, and the waveform is plotted in blue.
The waveform in orange shows the case with the QV droop.
Clearly, the PCC voltage was smaller in magnitude, thanks to
the QV droop which allowed the voltage to be within a certain
range instead of a fixed value in order to lessen the output
reactive power burden. However, with the QV droop when the
fourth STATCOM was connected, the systems was unstable. The
QV droop strengthened the interactions between STATCOMs
and there were higher possibility that they could behave in an
undesired manner. Actually, no QV droop is equavalent to zero
droop coefficient with the QV droop. Thus, deactivation of the
QV droop or a small droop coefficient was preferred in terms of
stability.

IV. IMPEDANCE-BASED STABILITY ANALYSIS

In order to analyze the previously found instability phenom-
ena, d—q frame impedance was used in this section. Separated
at the PCC of STATCOM 1, impedances from both sides, called
Z;(s) for STATCOM impedance and Zg,iq(s) for the rest of
the grid including the other three STATCOMs, were measured in
Simulink at the moment of7 s when the fourth STATCOM was
just connected. There are two ways to obtain the impedances and
both can provide accurate results. One is to linearize the whole
system at this moment, which can only be done in the system
modeled in the d—q frame where dc operating points exist. This
method is easier but only available in simulation, with which
the impedance results presented in Section IV were obtained.
The other way is practical in use and applies to experiments
also, which was used in Section V. For the second approach,
an impedance measurement unit is required, which essentially
sends out perturbations to the system under test, measures the re-
sponses, and calculates impedances. For stable cases, impedance
measurements are done only once, as it is possible to obtain
impedances from both sides at the same time. For unstable cases,
impedance measurements are done twice, one impedance at one
time to ensure a stable operation during measurements. It is
accomplished by adjusting the control parameters of units that
are not under test, meanwhile making sure that the operating
point does not differ from the cases of interest.

Using GNC [23], one can examine the system stability
by examining the eigenvalues of the return ratio L(s) =
Zgria(8)Zysi(s)™'. The system will be stable if and only if
the net sum of anticlockwise encirclements of the critical point
(—1+j0) by the set of characteristic loci of L(s) is equal to
the total number of right half plane (RHP) poles of Zgria(s)
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and Z,;(s)~!. Additionally, one would be able to evaluate
the stable regions by examining the characteristic loci. More
conservatively, sufficient conditions for system stability were
presented through different norms of the impedances, as in [23]
and [35].

From our previous work on impedance modeling of STAT-
COMs [36], the impedance model is

szi =

Yo + Gia(T + GeiGevacGvded)

TGl a. Ghrr + Gevac (KGY + Gpry)
PLL “ +chchvdcv

. {I + Gid (T + C'}ciG"cvch"vdcd)71('»"ci (chacKG}Q + T)i|
(5)

where Yo1, Gid, Gvded, and Gydev are the open-loop transfer
functions that can be derived from the state-space averaging
model presented in Appendix A; T, Gq", and GQi are constant
matrices; I is the unity matrix; Gei, Gevde, and Geyac are the
transfer function matrices for the current loop, dc voltage loop,
and ac voltage loop, respectively; GprrY, GprLl, and Gpr,Y
represent the effects of PLL. Some of the detailed expressions
can be found in Appendix B. With this impedance model, one
can clearly see the effects of each control parameter and will be
discussed in the following sections.

A. Effects of AC Voltage Loop

This section investigates the effects of the ac voltage loop,
i.e., the term Geyac in (5). As the ac voltage loop is at about
10 Hz, it is expected that the effects take place in this frequency
range. Fig. 8 shows the impedances of STATCOM 1 Z,;(s) and
the rest of the grid Zg,iq(s), with an increasing ac voltage loop
bandwidth from 7 to 16 Hz, indicated by arrows. The solid lines
are the impedances of STATCOM 1 Z,;(s) and relatively larger
in the frequency range of several hertz than the impedances of
the rest of the grid Zg,;q(s) indicated by dashed lines. Note that
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Nyquist Diagram
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there is a resonant peak in the STATCOM impedance at about
10 Hz, and this is created by the ac voltage loop [36]. With the
bandwidths increasing, the resonant peak as a result of the ac
voltage loop moved to the high frequency in Z; (s) and the same
change happened in the impedances of the other STATCOMs
due to the identical control. The grid-side impedance Zgyiq(s)
hence changed with the similarly moving resonant peak as well,
because the impedance change of the other STATCOMs was
reflected through transmission lines, which were relatively small
inimpedance magnitude due to close physical distance. That is to
say, Zgria(s) included the dynamic behavior of the other STAT-
COMs, and the STATCOMs saw small-signal impacts from each
other because of short distance in between, and therefore, they
could possibly interact with each other.

The eigenvalues A1(s) and Ax(s) of the return ratio L(s) =
Zgrid(s)szi(s)’1 were used to plot the characteristic loci in
the Nyquist plot in Fig. 9, and the arrow indicates A;(s) with
the increase in the ac voltage loop bandwidth. One of the
loci, A1(s), was relatively large in magnitude, intersecting the
negative real axis and the unity circle, whereas the other one,
Ao(s), was far away from the critical point (—1+;j0). Neither the
impedance Zgriq(s) nor the admittance Yys;(s) contained RHP
poles because all the four STATCOMs were able to operate
by themselves. As the bandwidth increased, the characteristic
loci moved closer to the critical point from the origin point and
eventually encircled it, indicating that the system finally fell
into instability with the highest ac voltage loop bandwidth at
16 Hz, which corresponds to the simulation results presented in
Section III. To this end, impedances measured at the terminal of
STATCOM 1 have predicted the system stability but the reason
behind is yet to be explored.

To pinpoint the reason of possible instability, Fig. 10 plots
the eigenvalues A;(s) from Fig. 9 in the Bode plot. When the
characteristic loci reach 180° in the Bode plot, they cross the
negative real axis in the Nyquist plot; if at this frequency
the magnitude is greater than 0 dB, then they intersect the
negative real axis outside the unity circle. According to the
low- and high-frequency behaviors, this means encirclements of
the critical point, because the magnitude of the locus increased
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and then decreased around the intersection frequency. With the
increased bandwidth of the ac voltage loop, a resonant peak in
the eigenvalues A;(s) showed up because of the change in the
impedance of both Z;(s) and Zg,iq(s). For the highest ac volt-
age loop bandwidth, the magnitude was larger than 0 dB when
it intersected with the negative real axis, causing encirclements
and thus instability. Although the impedances alone indicated
nothing about reasons of instability, the characteristic loci in the
Bode plot showed that the resonant peak from the ac voltage
loop caused the instability. One can conclude that the increment
of the ac voltage loop enlarged the impedance of STATCOMs,
especially the resonant peak around the oscillatory frequency,
which reflected to the terminal of the other STATCOMs and
finally escalated the possibility that STATCOMs could interact
with each other. This clearly showed how the ac voltage loop
control influenced the small-signal stability, from the d—g frame
impedance point of view.

B. Effects of PLL

The effects of PLL on impedances are plotted in Fig. 11 with
increasing bandwidth from 5 to 10 Hz. Similarly, the solid lines
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are the impedances of STATCOM 1 Z,;(s) and relatively larger
in the frequency range of several hertz than the impedances of
the rest of the grid Zg,iq(s) shown by dashed lines. Still, the
increase in bandwidth resulted in the resonant peak moving to
high frequency in both Z;(s) and Zgpiq(s) for the same reason
asin Section IV-A. However, compared with the ac voltage loop,
PLL showed smaller impacts on impedances, implying that the
found instability was more dependent on ac voltage loop instead
of PLL.

That is to say, the origin of this instability was mostly ac
voltage regulation instead of synchronization. It can be further
confirmed if we take a look at how these two loops affected
STATCOM impedances, with details and derivations in [11] and
[36], with the approximations of those two, respectively

kii kivac
AC voltage loop: <I~cm— + —) (kpvac + ) (6)
S S

kii kivac s
PLL: |:D2 — <kp7, + ?) (kpvac + T) VPCCq:l

ki
kpprr, + “EML

> (N

s+ Vioca (kppLL + HELL)

S

From Fig. 12, it is clear that the effects on STATCOM
impedances from the ac voltage loop in (6) is much larger than
those from PLL in (7), which shows that the PLL effects are
masked by those of the ac voltage loop. Although this mask-
ing effect is dependent on operating points, especially on grid
voltage level and STATCOM power ratings, the conclusion still
holds valid for transmission grids. Furthermore, the higher the
power system voltage Vpccd, the smaller the effects from PLL;
the smaller the line inductance L, the larger the effects from
the ac voltage loop because of the ac voltage loop controller, ac-
cording to (3). For the parameters used in simulation, the effects
from ac voltage loop are about 100 times larger than those from
PLL. They would only be comparable if the grid voltage drops to
ten times smaller and the grid impedance increases to ten times
larger, which is unlikely to happen in a transmission grid under
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normal conditions. Overall, the ac voltage loop has much greater
influences than PLL on STATCOM impedance and, therefore,
has much more contributions to small-signal stability. Hence,
the ac voltage loop is the main reason of potential instability
in Section III. In weak power systems with low voltage levels,
instability could be because of synchronization, as reported in
[29].

The characteristic loci are drawn in from the impedances in
Fig. 13. A5(s) shown by in dashed lines was far away from the
critical point and A1 (s) had potential to encircle the critical point.
The arrow indicates that when the bandwidth of PLL increased,
the system was inclined to be stable, as the characteristic loci ap-
proached to the unity circle from the outside and did not encircle
the critical point in the end with no RHP poles in either Zgriq(s)
or Yysi(s). One can also observe that the change in charateristic
loci with different bandwidths of PLL was relatively small,
as explained above. This corresponds to the simulation results
shown in the previous section.

Again, the first eigenvalue X1 (s) is plotted in the Bode plot in
Fig. 14. The increase in the bandwidth of PLL did not cause
a rise of resonance but moved the peak to high frequency.
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This actually made the characteristic locus intersect with the
negative real axis at a higher frequency where its magnitude
was smaller. When the magnitude was smaller than O dB at
the intersection frequency, the locus did not encircle the critical
point, indicating a stable operation.

C. Effects of QV Droop

As for the QV droop, the impedances of STATCOM 1 and
the rest of the grid were measured and shown in Fig. 15, where
the solid lines represents STATCOM impedance Zy;(s), and
the dashed lines represents Zgriq(s). The case with QV droop in
red lines had one significant difference compared with the case
without QV droop in blue lines: The STATCOM impedance
in d—qchannel was much larger at low frequencies. This is
because the reactive power is mainly dependent on g-channel
current and the d-channel PCC voltage is the controlled variable
of the QV droop. By activating the droop, g-channel current
has equivalently more influence on the d-channel PCC voltage,
which indicates larger impedance in the d—q channel. The ac
voltage regulation mode without the QV droop in Section [V-A
can be considered as a special case where the droop coefficient
K = 0. As K increases, the QV droop introduced more interac-
tions among STATCOM units in the steady state by the means
of adding one feedback loop to the ac voltage loop. From (5)
and (16), K affects the ac voltage controller G¢yac by adding
constants that are related to the operating point. The addition
not only changed the operating points but the dynamics of the
ac voltage loop as well.

The characteristic loci are drawn in Fig. 16 and are calculated
from the impedances presented in Fig. 15. The case with QV
droop is plotted in red, and the case without QV droop is depicted
in blue. Similarly, Ao(s), shown by dashed line, were far way
from the critical point and A{(s) shown by solid lines were
close. Because of the addition feedback loop from the QV droop,
characteristic locus A1 (s) with QV droop encircled the critical
point and indicated instability, which matches the simulation
results in the previous section.
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D. Effects of STATCOM Location

Different locations of STATCOMs showed negligible effects
on impedances, and, therefore, trivial influences on stability.
Fig. 17 depicts the grid impedance Zgriq(s) at the terminal
of STATCOM 1 with no other STATCOMs Zgiq1(s) in blue
solid lines, with only STATCOM 2 Zgridlj(s) in red-dashed
lines, with only STATCOM 3 Zgyiq1 3(s) in yellow-dashed
lines, and with only STATCOM 4 Zgyiq1_4(s) in purple-dashed
lines connected respectively. Zgriq1(s) shows the equivalent
impedance of the grid network and loads while the other three
contained impedances from other STATCOMs, respectively. No
matter which STATCOM was connected, except STATCOM 1,
the grid impedances Zgria1_2(5), Zgria1_3(s), and Zgrida1_4(s)
were almost identical with less than 1 dB differences, especially
around the oscillatory frequency of 10 Hz. This is because at
the oscillatory frequency, the STATCOM impedance had much
larger magnitude (40-50 dB) than the equivalent impedances of
all lines (less than 20 dB), which is roughly less than 0.01 H for
equivalent line impedances in total. Thus, the impedance of one
STATCOM played a much important role in the grid impedance
at the terminal of the other STATCOMs, and the line in between
was negligible. If the operating point and the control parameters



2276
Bode Diagram
40, e
20| Zad // T~—— qu
= &/
-20' .
S 270 T T
g L
\ﬁ,; 180 — -
£ 90 )/x
o
o — Zgrid, 1STAT
Q 40 — Zgrid, 2STAT
> L Zgrid, 3STAT ‘
3.2 - o
2 N~———
= qu | Z‘I‘I
360) —
270
180
90, S
o \ |~ - X :
107" 10° 10' 102 10*107" 10° 10' 102 10°
Frequency (Hz)
Fig. 18.  Grid impedance with different numbers of STATCOMs.

of a specific STATCOM—STATCOM 1 in this case—did not
change, the system stability was solely dependent on the grid
impedance that reflects any dynamic behaviors from others.
However, it was just shown that the grid impedance was little
dependent on which STATCOM was connected. It leads to the
conclusions that the locations of STATOMs did not matter much
in the found instability with the oscillatory frequency of about
10 Hz, as well as the network topology.

One more step leads to the second conclusion that the found
stability highly depended on the number of connected STAT-
COMs. This is shown in Fig. 18, where the grid impedance at the
terminal of STATCOM with one, two, and three STATCOMSs are
plotted in blue, red, and yellow, respectively. The arrow indicates
the increase in the number of the connected STATCOMs. It
is clear that one more STATCOM made the magnitude of the
resonant peak increase significantly, because all the STATCOM
impedance had the same peak at the same frequency, and they
added up to the grid impedance, whereas the line and load
impedances were small and negligible. As discussed previously,
the rising magnitude of this resonant peak tended to cause insta-
bility. Thus, the more STATCOM connected, the more unstable
the system was. The number of the connected STATCOM was
the main contributor to instability.

With the aforementioned conclusions, we can further infer
that the combination of different STATCOMs did not influence
the stability for a given number of connected STATCOMs. This
answers why the connection sequence of STATCOMs did not
matter in terms of stability in simulation in Section II.

V. POSSIBLE SOLUTIONS AND LIMITATIONS

As discussed before, the instability between STATCOMs is
due to the resonant peak in the impedance. According to Li
et al. [36], the resonant peak in the STATCOM impedance
is caused by the current loop, more specifically the integrator
in the current compensator. If the integrator is removed, there
will be no large impedance at the frequency of the ac voltage
loop bandwidth and the resonant peak will be greatly damped.
Fig. 19 shows the impedances of STATCOM with a proportional
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control in the current loop plotted in blue, in comparison with
the proportional integral (PI) control plotted in red. The resonant
peak almost disappeared and left the sections in low and high
frequencies stay the same. However, without the integrator in the
current controller, the regulation capability of currents within
the current loop bandwidth was weakened, as the closed-loop
loop gains of the current loop were much smaller than unity,
meaning that the currents could not follow their references
well, especially for low-frequency disturbances. In the low
frequencies, the integrator in the PI controller increased the
magnitude of the open-loop transfer function from the current
references to the actual values, such that the controlled current
could resist perturbations and track the corresponding references
accurately. Without the integrator, the only regulation of currents
fell into indirect control by the outer voltage loops, which is not
preferable to handle complex grid conditions. Especially, the
overshoot or undershoot of the current to grid transients may be
very large without the integral term.

Another way to tune the STATCOM impedance is to change
the ac voltage loop controller. Because a sharp resonant peak
usually indicates insufficient damping and a small phase margin,
alternative controllers can replace the PI controller in order to
boost the phase margin to provide additional damping. STAT-
COM impedance was changed accordingly, as shown in Fig. 20,
where the colors blue, red, and yellow show 40°, 86°, and 135°
phase margins. The PI controller could achieve an 86° phase
margin, which was used for evaluation previously, depicted in
red and marked as “PM 86.” A type II controller was designed
in order to place a zero before the bandwidth to boost the phase
and get a 135° phase margin, drawn in yellow and marked
as “PM 135.” Another controller was designed representing a
low-pass filter below the bandwidth and a high-frequency zero,
decreasing the phase margin to 40°, depicted in blue and marked
as “PM 40.” Without an additional zero before the bandwidth,
the highest phase margin was only a little bit less than 90°. The
lower the frequency of the additional zero before the bandwidth,
the more the phase margin for the open-loop gain, and the more
the damping for the resonant peak, indicating smaller possibility
to interact with the other STATCOMSs. However, the additional
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zero also slowed down the settling time, because the transient
responses were mainly dependent on the zero with the lowest
frequency.

Figs. 21 and 22 show that the above-mentioned two alterna-
tive controls could help stabilize the system. However, these
two alternative controls cannot solve the instability problem
fundamentally, and in other words, the problem will appear
again if the ac voltage loop bandwidth is to be pushed higher.
This is because the onset of the instability cannot be eliminated
as the interactions between the STATCOMs always exist as
long as they are in close proximity. It will be demonstrated
experimentally too in the following section.

VI. EXPERIMENTAL VERIFICATION

Due to laboratory limitations, a scaled-down and sim-
plified 2-STATCOM system was constructed. Two 2-level
3-phase voltage-source converters working as STATCOMs were

to filter out the harmonics from the switching behaviors, an
LCL filter was implemented instead of an L filter. The reso-
nant frequency of the LCL filter is about 1.7 kHz, which is
much higher than the fastest current bandwidth and, thus, not
affecting the stability under study. The converter systems are
both controlled by DSP TMS320F28343 from Texas Instru-
ments and CPLD LCMX02-4000HC-4TG144C from Lattice
integrated into one motherboard with sensing, protection, and
self-startup capabilities. The gate driver boards were separately
designed in order to achieve better switching performances. The
parameters of passive components of both STATCOMs were
chosen to be the same, as well as the control parameters, listed
in Table II. The design of the STATCOM control parameters
was the same as in the previous sections. STATCOMs are fully
functional converter systems, including all passive components,
digital control systems, and auxiliary components. With the
two STATCOMs working, Fig. 23 shows the schematics of the
scaled-down 2-STATCOM system, and Fig. 24 shows the picture
of it. A voltage source 390-G from Pacific Power Source was
used as the voltage source and resistive loads were selected with
inductive line impedances in between. The two STATCOMs
were regulating their own bus voltages.

A. Instability Between STATCOMSs Due to Control

Two STATCOMs started up with the voltage source powering
the loads, and dc bus voltages were charged to the nominal values
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after their controllers were synchronized with the system. Fig. 25
shows the PCC bus line-to-line voltages from phase a to phase
b at the terminals of the two STATCOMS, v,,1 and v4p2, and
injecting current in phase a of the two STATCOMS i, and 742
from top to bottom. At first, neither of the STATCOMs was
exchanging reactive power with the grid and only a small amount
of current was drawn from the grid to balance the losses in the
converters. Then STATCOM 1 started to compensate reactive
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Fig. 26.  Experimental waveform with two STATCOMs: an unstable case due
to increased ac voltage loop bandwidth.
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Fig. 27. Experimental waveform with two STATCOM:s: a marginally stable

case.

power, followed by the additional compensation of STATCOM
2, marked in Fig. 25. This case was a stable case with two
STATCOMs running, where the control loop bandwidths are
listed Fig. 25. If the ac voltage loop bandwidth was increased
from 7 to 12 Hz, then as one can see in Fig. 26 that the system was
unstable and the injecting current oscillated and, triggered the
overcurrent protection in the end. The oscillatory frequency was
about 102 Hz. This phenomenon verified the previous simulation
that a higher ac voltage loop bandwidth tends to destabilize the
system.

To find a case where the effects of PLL bandwidth were easier
to observe, a marginally stable case was identified by increasing
the ac voltage loop from 7 to 10 Hz and increasing the PLL
bandwidth from 5 to 10 Hz, as compared with the case presented
in Fig. 25. The marginally stable case is shown in Fig. 27,
where the system was much less damped when STATCOM 2
began compensating reactive power. From the marginally stable
case, the PLL bandwidth was reduced from 10 to 5 Hz, and
the experimental results are shown in Fig. 28. The system then
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in experiment.

fell into instability with the overcurrent protection triggered
eventually. The oscillatory frequency was about 90 Hz.

B. Impedance-Based Stability Analysis

To verify the analysis mentioned above, impedances were
measured at the terminal of STATCOM 1 in the constructed
scaled-down 2-STATCOM system using the impedance mea-
surement unit (IMU) [37], as shown in Fig. 24. The IMU was
inserted in series at the terminal of STATCOM 1 and was able
to measure the impedances on both sides at the same time after
the system reached the steady state. Using the second method
mentioned in the beginning of Section IV, the impedances of
both sides under two different ac voltage loop bandwidth cases
(7 and 12 Hz) in the evaluation were measured and shown in
Fig. 29. The impedances of STATCOM 1 are in circles, and
those of the rest of the grid are in crosses. With the increasing ac
voltage loop bandwidth, the resonant peak in both Z,g;(s) and
Zs.ia(s) moved to high frequency.
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The eigenvalues in both cases were computed and plotted
in Fig. 30. Lo(s) was always far away from the critical point,
whereas A1(s) encircled it when the ac voltage loop was 12 Hz.
Because there was no RHP pole in either Zgria(s) or Y si(s),
the system was unstable at the frequency of 12 Hz. When A1 (s)
encircled the critical point, it intersected with the negative real
axis at the frequency of about 43 Hz. This oscillatory frequency
was in the d—¢g frame and can be translated to a 103-Hz oscil-
lation in the abc frame. In the experimental results presented in
Section VI-A, the system was unstable when the ac voltage loop
was 12 Hz, and the oscillatory frequency was 102 Hz, matching
well with the d—q frame-based impedance stability analysis.

The impedances of Z;(s) and Zgiq(s) were measured in the
same way with respect to PLL. Two cases, 5 and 10 Hz, were
evaluated. Also as discussed, the resonant peak moved with the
increase in the bandwidth of PLL, which can be seen in Fig. 31.
The eigenvalues in both cases were computed and plotted in
Fig. 32. Similarly, Ao(s) was always far away from the critical
point, whereas A;(s) encircled it when PLL was 5 Hz. Since
there was no RHP pole in either Zgriq(s) or Yysi(s), the system
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was unstable for the 5-Hz case. When X1 (s) encircled the critical
point, it intersected with the negative real axis at the frequency
of about 30 Hz. This oscillatory frequency was in the d—q frame
and can be translated to a 90-Hz oscillation in the abc frame. In
Section VI-A, the system was unstable when the ac voltage loop
was 5 Hz and the oscillatory frequency was 90 Hz, matching
well with the d—g frame-based impedance stability analysis.

C. Possible Solutions to Instability and Limitations

By simply removing the integral term in the current compen-
sator and retuning the proportional term, the same bandwidth
of current loop could be achieved. Fig. 33 shows the improved
stability condition by the proportional current control as opposed
to the unstable system presented in Fig. 26, where both cases had
the same bandwidths for all control loops. Yet, a large current
spike appeared when STATCOM 1 was connected and started to
compensate, because its output voltage jumped due to the simple
proportional term in the current loop. When the ac voltage loop
bandwidth was further pushed to 30 Hz, the system would be
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Fig.35.  Stability improvements by alternative ac voltage control in the exper-

iment.

unstable again, as shown in Fig. 34, where the current oscillated
and triggered the overcurrent protection.

By moving the zero below the crossover frequency and adding
one more pole after, a larger phase margin could be achieved
using a type-II compensator in the ac voltage loop. Compared
with the previously used PI compensator, the phase margin was
increased from almost 90° to 140°. Using a type-II compensator
helped the system stability, as shown in Fig. 35, whereas the
system was unstable when the PI compensator for the ac voltage
loop was used, as shown in Fig. 26. Although the system was
stable with the type-1I compensator, the settling time increased
compared with the one shown in Fig. 26. This was because the
zero before its bandwidth determined the time constant the most
and it was at about 3 Hz, which indicated about a setting time
of a second. Nonetheless, as the ac voltage loop bandwidth was
further pushed to 20 Hz, the system became unstable again, as
shown in Fig. 36, where the current oscillated and triggered the
overcurrent protection.
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From the above figures, it was demonstrated that both the
proportional control and the type-II compensator for the ac
voltage loop could improve the stability conditions, but failed
when the ac voltage loop bandwidth was pushed higher.

VII. CONCLUSION

In this paper, potential instability in power systems with
multiple STATCOMs in proximity was found due to the design
of STATCOM controllers: the ac voltage controller, the PLL,
and the QV droop controller. The d—¢g frame impedance-based
stability analysis was used to explore the instability. From
the analysis, the following conclusions were obtained. First,
STATCOMs were seen to interact with each other through the
transmission lines due to the relatively high magnitude of their
impedances with respect to that of the lines. Second, the use
of d—q frame impedances identified the frequency range of
interactions. The ac voltage regulation was the main reason of
instability among STATCOM control and masked the effects of
PLL in transmission systems. This kind of instability adds new
knowledge to three-phase ac systems besides CPL dynamics and
synchronization, with the presence of STATCOMs. Although
STATCOMs synchronize with the power grid, the instability
is nonetheless due to ac voltage regulation. Third, due to the
large impedance of STATCOMs around the frequency range
of interactions, the number of connected STATCOMs was the
main contributor to stability instead of the topology of the power
system or the locations of the STATCOMs. The high magnitude
of STATCOM impedance around oscillatory frequency range
makes it the dominant reason of instability, whereas the topology
of the power systems showed negligible influences. The use of
alternative controllers could improve the stability conditions, as
they can damp the resonant peak in the STATCOM impedance,
which could cause instability. However, it cannot avoid the onset
of instability. Finally, a scaled-down two-STATCOM power grid
was built to verify the conclusions experimentally.

How to find parameters that help in stabilization using the
impedance-based method is essential but not easy, because it is
hard to correlate a specific control parameter to stable regions
using simplified and straightforward relationships, as the exact
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parameter ranges that stabilize the system vary with the system
parameters, such as line impedances, load flows, etc. This will
be a future path from this paper.

APPENDIX
A. State-Space Averaging Modeling of STATCOMs

The state-space averaging modeling of STATCOMs and in
the d—q domain is organized as follows [38]:

- R Dy
digg | —F Wn ES Vdcd . v
- R |'da D, | Vde — dq PCCdg
dt —wnp —% 2 L L
dvqc [ > 1 -
_ | Dgq Dq} ; [ 1q I ]
dt Cac  Cac q CacRaec ¢ Cac  Cac q

®)

The controllers are written in the Laplace domain as follows:

d P 0 % -
da 0 i b (qu - qu)
n 0 —w,L]|-
1
wnL 0 4
w | (kpac + Bue) (Vi = Vac)
qu - Kige *
(kpac + *22) (vpoog — vPoCa)
1 k;
0= 5 (k:ppLL + LL) UPCCq- ©)

B. Impedance Model of STATCOMs

Some key transfer functions presented in [36] are listed here
for readers’ reference. As the PLL provides the phase angle for
the controller to do the Park transformation, its dynamics affect
every state variable transformed in the d—q domain, which are
system voltages vpcc, injecting current 7, and duty cycles d. In
that sense, it is necessary to model the impacts of the PLL on
these three pairs of variables as follows:

GpLL
cos® sin® + (Vﬁccqcose) — VPSCCdsin(a) GprL
(Viccqcos® + Vgccqsin@) GpLL

—sin® cos® —

(10)

QL 0 (I5cos® — I3sin®) GpLL (11
PEE 10— (I5c0s0 + I35in®) Gpry,

Gd 0 — (D;COS@ + D;Sin@) GpLL 12)
PLL — 0 (chos@ — Dgsin(%) GpLL

where
k =+ kipLL
GpLL = L (13)

kil;LL )

s+ Viaoa (kpprr +
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and © is the steady-state phase difference between the PCC
voltage vpcc and the reference voltage for the power system.
The controllers are also written in their matrix form

_k i + kii 0
Gei=| " ° 14
C I O kpi + % ( )
0o b +
chac - Kine 7chdc - (15)
_kpac + Fee 0 0
-1 [ Veee, Vi
Qv — | d G, = PCCq VPCCd | 16
Q 0 0 Q 0 0 (16)

The open-loop transfer functions Yo1, Gid, Gvded, and Gydev
can be derived from (8), as defined below. Their detailed expres-
sions can be found in [36]

iag | | Gia Yor dgq a7
Vde Gvdca Gvdev | | Upccdq
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