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Impedance-Based Stability Analysis in Power Systems with Multiple 

STATCOMs in Proximity 

Chi Li 

Abstract 

Multiple STATCOM units in proximity have been adopted in power transmission systems in 

order to obtain better voltage regulation and share burdens. Throughout stability assessment in this 

dissertation, it is shown, for the first time, that STATCOMs could interact with each other in a 

negative way in the small-signal sense due to their control, causing voltage instability, while loads 

and transmission lines showed small effects. Since this voltage stability problem is induced by 

STATCOMs, d-q frame impedance-based stability analysis was used, for the first time, to explore 

the inherent power system instability problem with presence of STATCOMs as it provides an 

accurate understanding of the root cause of instability within the STATCOM control system.  

This dissertation first proposes the impedance model in d-q frame for STATCOMs, including 

dynamics from synchronization, current and voltage loops and reveals the significant features 

compared to other types of grid-tied converters that 1) impedance matrix strongly coupled in d and 

q channel due to nearly zero power factor, 2) different behaviors of impedances at low frequency 

due to inversed direction of reactive power and 3) coupled small-signal propagation paths on the 

voltage at point of common coupling from synchronization and ac voltage regulation. 

Using the proposed impedance model, this dissertation identifies the frequency range of 

interactions in a viewpoint of d-q frame impedances and pinpointed that the ac voltage regulation 

was the main reason of instability, masking the effects of PLL in power transmission systems. Due 

to the high impedance of STATCOMs compared to that of transmission lines around the frequency 



 

 

range of interactions, STATCOMs were seen to interact with each other through the transmission 

lines. A scaled-down 2-STATCOM power grid was built to verify the conclusions experimentally. 
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Chi Li 

General Audience Abstract 

STATCOMs have been proven a type of effective power electronics device for reactive power 

compensations and people are trying to install multiple STATCOMs in proximity in power systems 

in order to have better performances. This dissertation, for the first time, evaluates the operation 

of multiple STATCOMs in proximity and finds out that they could interact with each other in a 

negative way in the small-signal sense due to their control, causing voltage instability, while loads 

and transmission lines showed small effects. Since this voltage stability problem is induced by 

STATCOMs, d-q frame impedance-based stability analysis was used, for the first time, to explore 

the inherent power system instability problem with presence of STATCOMs as it provides an 

accurate understanding of the root cause of instability within the STATCOM control system. To 

this end, an impedance model of STATCOMs is proposed, which accurately explains the terminal 

behaviors of STATCOMs. Using the model, this dissertation identifies the frequency range of 

interactions in a viewpoint of d-q frame impedances and pinpointed that the ac voltage regulation 

was the main reason of instability, masking the effects of PLL in power transmission systems. All 

the above is validated experimentally in a scaled-down 2-STATCOM power system.
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Chapter 1.  INTRODUCTION 

Equation Section 1 

1.1 Overview of power systems with STATCOMs 

1.1.1 Basic operations of STATCOMs 

Static synchronous compensators (STATCOMs) are based on converters composed of force-

commutated power electronic devices and topology, first proposed by Gyugyi in 1979 [1]. 

Although the DC source of STATCOM can be both current and voltage, the most practical and 

used one is voltage source converter (VSC), shown in Figure 1-1, along with its basic operation 

mode. 

DC-AC 
Converter

bV

I

eX

eVI

bV

eX I

eVI

bV
eX I

(a)

(b)

(c)

eV

 

Figure 1-1 Basic concept of STATCOM 

 (a) basic topology of STATCOM; (b) inductive mode; (c) capacitive mode 

The VSC-STATCOM generates an AC voltage Ve Veand shunt connects to the bus with the 

voltage Vb Vb  via an equivalent inductance XeXe , which is often the leakage inductance of a 
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transformer, where all the values are reflected to the primary side of a transformer. By controlling 

the output voltage of the converter by either firing angles or DC link voltage, it is easy to obtain a 

continuously controllable Ve Veto control the compensating current and thus the reactive power 

compensation. The capacitor at DC side can be regarded as a reactive power source in a 

STATCOM. In practical applications, the losses of a STATCOM are compensated by the power 

system, that is, the STATCOM will draw a little active power from the grid, which results in a 

small phase lag of the output voltage VeVe. If we only consider the line-frequency components, the 

phasor diagrams in Figure 1-1 show how the STATCOM provide or absorb reactive power by 

adjusting its output voltage magnitude. When its output voltage is less than the bus voltage, the 

voltage drop in the inductance creates a lagging current and the STATCOM is absorbing reactive 

power, which is inductive mode. If the output voltage is higher than the bus voltage, the current 

will flip in polarity and be leading the voltages. At this time, the STATCOM is providing reactive 

power and in capacitive mode. 

Figure 1-2 shows how a STATCOM works to compensate by adjusting its output voltage 

dynamically. The solid lines describe the V-I characteristics of the STATCOM with the output 

voltage Ve1 Ve1and the grid, where the intersection shows the operating point at the present with 

the bus voltage V1V1. If the system voltage drops suddenly and therefore the bus voltage decreases 

to V2’V2
' , the STATCOM will be controlled to increase its output voltage to Ve2 Ve2 and obtain a 

new V-I characteristic to reach a new operating point with the bus voltage V2. As Figure 1-2 shows, 

V2 is greater than V2’ and could be even greater than V1 based on the compensation capability of 

the STATCOM and the system condition. In such way, the bus voltage change is compensated. 
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Figure 1-2 Operating characteristics of STATCOM 

1.1.2 STATCOM operation in power systems 

On top of reactive power compensation, there are several purposes to install a STATCOM in 

power systems: steady state voltage regulations including active power transfer capability 

enhancement, oscillation damping and transient improvement after contingencies. The voltage 

regulation studied the steady state of STATCOM operation, mainly focused on optimization 

problems with respect to algebraic power flow calculation. The oscillation damping is about how 

power systems behave in the small-signal sense around a given operating point, which relies on 

linear system theory. The transient improvement is to explore how power systems operate after a 

large change, e.g. fault, where the studied subject is no longer linear and requires nonlinear system 

theory.  

Voltage regulation is to maintain voltages within acceptable ranges to ensure proper working 

conditions for grid-tied components. Control over some specific bus offers the possibility to 
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change power flow of power systems for economic considerations, for example, lessening the 

power flows through the heavily loaded lines and maintaining the critical buses voltage to enhance 

the stability margin. The term total transfer capability (TTC) is to define the amount of power that 

is available to transfer between interconnected transmission systems in a reliable manner and is 

determined by system’s thermal and voltage limits and stability margins [2]. This is usually done 

by power injection model (PIM) [3-5] that studies the terminal power flow injection of FACTS 

devices and makes corresponding modifications to the original power flow equations. After 

applying the PIM into the conventional power flow program, there are some mathematical methods 

to compute TTC [2, 6, 7], which intrinsically are to solve a set of optimization problems, typically 

maximizing the load in the sink area, with large amounts of non-linear equality and inequality 

constraints. The optimization has to be repeated if the topology and any source or load changes. 

The second main purpose of STATCOMs is to damp oscillations. Power system oscillation 

damping is referred to the damping of inter-area oscillations with frequency 0.2 Hz to 2.0 Hz due 

to the development of interconnection of large power systems, which may cause stability problems. 

With faster responses than major electric power plants, the capability of STATCOM to suppress 

power system oscillations and thus to increase system stability has been explored in many aspects. 

The small-signal model is often a state-space model linearized around a given operating point and 

the damping is achieved by a FACTS device stabilizer (FDS) which is installed as a higher level 

local controller to control the effective active or reactive power output according to the command 

of a grid level global or local controller [8-23]. Chong Han etc. [24] conducted an impact study of 

a STATCOM in a 12-bus power system with two large wind farms connected and from the PV 

and VQ curves obtained from the simulation the article discussed the size and location of the 

STATCOM to ensure enough stability margin. The results showed that the STATCOM is 
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minimized in size without losing its controllability when it is located right at the PCC, which is 

found out to be a common place to install the STATCOM. Nadarajah Mithulananthan [21] looked 

into the typical electromechanical oscillations and used Hopf bifurcation theory to study the 

influence of different controllers, locations and control signals. The PCCs of renewable energies 

are often shown to be the critical point to maintain the voltage profile of the whole power system, 

which demonstrates Chong Han’s results to some extent, although the choice of the placement still 

needs carefully investigating case by case [25, 26]. To simplify the problems as for local small-

signal stability analysis where the part without renewable energies of the grid is simplified as a 

voltage source with a reactance, the impact of the STATCOM was studied with more detailed 

models of both the renewable energy and STATCOM. In [27], Pranesh Rao derived the state-space 

model of the STATCOM in the D-Q frame and compared various state feedback controllers where 

all the variables are local and thus accessible, lending background to many following papers. 

Woei-Luen Chen etc. and Li Wang etc. both used modal control theory to place the eigenvalues of 

the state models of the local system they derived to achieve desired damping effects with state 

feedback control [28-30]. After designing the structure of the control loops, the eigenvalues of the 

state model with respect to the parameters of the controller are placed using a state feedback 

controller according to the pole placement method or the eigen-structure assignment method to get 

the maximum damping according to the preset optimum functions and objectives. After acquiring 

the state-space equations, there are many controllers to implement to manipulate the transfer 

functions [10, 12, 14] and thus to improve the steady-state and dynamic responses. Some advanced 

controllers which have been studied in some other STATCOM applications [31-35] e.g. hybrid 

fuzzy control [13], H∞ control [16], robust control [17], etc. are possible to be adopted in the small-

signal stability analysis in order to grant a more robust characteristics. 
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Another purpose is less common but still important, the low voltage ride through (LVRT) 

capability, concerning the stability of the wind generators interacted with the voltage variance at 

the PCC [36-38]. This falls into the large-signal stability field. During the system faults, the PCC 

voltage will collapse and there will be not enough reactive power for magnetic excitation for the 

generators, generating less electromagnetic torque. If the input source is kept constant, the 

generator will accelerate according to the mechanic equations and finally has to be disconnected 

to the grid for the safety consideration. Then it may trigger a chain reaction of disconnection of 

the generators due to the less input power to the grid and eventually result in the whole system 

collapse. Therefore the reactive power support during and after power system contingency is a 

critical issue. However, this is very challenging because the small-signal model fails during faults 

with the system highly nonlinear. Typically energy function methods are analytical but complex 

to obtain and solve while the numerical simulation is more common but takes more time with 

different cases [29, 38-42]. M. H. Haque [20] started from the equal area criterion to propose a 

control strategy thanks to continuously control capability of the STATCOM to improve the first 

swing stability limit by adjusting the equivalent damping torque for the generators. On the other 

hand in [41, 42], Marta Molinas etc. started from the quasi-stationary torque-speed curves of the 

wind generator to get the similar results. 

1.2 Small-signal analysis in electric power systems 

1.2.1 Traditional state-space modeling and limitations 

The small-signal stability in power systems has been usually analyzed using eigenvalues, 

which are computed from the full system state-space equations [43]. The state-space equations 

include the complete information about any responses at any time intervals with given initial 
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conditions while this approach requires every detail of all the components in the system, from load 

to source, from passive elements to controlled power converters and generators, from circuit 

topology to unit configurations.  

Specifically, there are quite a bit researches for power systems with STATCOMs in the small-

signal sense, studying on how a STATCOM can damp power system oscillations [19, 21, 22, 44-

54] or help integrate renewable energy like wind [24, 28, 29, 37, 38]. Again, all these papers based 

on state-space equations with prerequisites that the control details are known to power system 

operators which are often the opposite in reality. 

As power systems get complicated, the state-space equations will be tremendous and 

whenever a new unit is connected and state-space equations are updated, the assessment of stability 

often needs to be repeated from the beginning and therefore is of great computation burden. 

Moreover, this method depends on the full knowledge over the power grid, which may not always 

be accessible, as some components in the grid, especially newly adopted power electronics based 

converters, are practically like black boxes to the system operators. It is either because of lack of 

model details due to the sharing of proprietary information from venders or due to inability to 

model with satisfactory accuracy [51]. In this case, absence of the model details leads to difficulties 

in conducting eigenvalues analysis and further controller design [52]. 

1.2.1 Impedance-based stability methods 

As a more promising and practical alternative, the impedance-based stability analysis, has 

been shown a great success in dc systems for a long time [55] based on Nyquist stability criterion. 

In three-phase ac systems, sinusoidal variables can be translated into dc values in d-q frame using 

the Park transformation and generalized Nyquist stability criterion (GNC) was proposed for 
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analysis [56-60]. Impedances are also studied in abc frame [61, 62] or α-β domain [63]. There are 

also similar researches [64, 65] in power system area, which used the term “frequency scan” that 

was equivalent in principle and was actually modeling impedances in abc frame. Recently 

equivalency between modeling in abc and d-q frame has been shown [66, 67], with power 

converters creating complexity of coupling and more definitions added to bridge modeling in 

different frames. 

For three-phase ac systems, dc equilibrium operating points can be created using Park 

transformation and d-q frame circuits with dc values are then available for linearization to study 

small-signal stability. Consider a three-phase balanced ac system as in Figure 1-3 where every 

variable is in its matrix form with d-q values as (1.1) shows. The return ratio matrix defined in 

(1.2) can be used as small-signal stability index. GNC shows that the closed-loop system is stable 

if and only if the net sum of anticlockwise encirclements of the critical point (-1, j0) by the set of 

characteristic loci of the open loop transfer function L(s) equals to the total numbers of right-half 

plane poles of Zs(s) and Zl
-1(s). Thus in the ac systems, it is necessary to compute all the 

eigenvalues of L(s), λ1(s) and λ2(s), and plot them in the complex plan to check the encirclements 

of the critical point. 

 

Figure 1-3 Small-signal circuit of a three-phase balanced ac system in d-q frame 
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Stability analysis based on impedances has been explored, covering many applications 

including interactions between power grid and HVDC [68-71], between wind farm and HVDC 

[72-74] and integration of generic inverters [75-77] and electric vehicles [78]. Some papers based 

on abc frame are theoretically wrong because the frequency coupling effects found in [66, 79] were 

ignored due to the presence of power electronics converters and corresponding d-q frame control. 

The impedance of a three-phase converter under balanced voltage should be described by a 2×2 

matrix instead of a single element [66, 67], no matter in abc or d-q frame. That is where some 

researcher made mistakes when they modeled the impedance in abc frame and assumed that there 

were only positive sequence component in power systems at all frequencies in the small-signal 

sense. As a result, the negative sequence component existed because of the frequency coupling 

effects but was neglected. Although the used impedance models were wrong in the above analysis, 

some conclusions still held true, either because the frequency coupling effects could be masked 

under unity power factor case or as the main reason of instability was in the positive sequence and 

captured in a large portion of cases [80].  

Some people investigated how to shape the impedance of a specific converter in the desired 

frequency range. Current loop was modified with more robust compensators [81-85] or with 

additional damping controller [76, 86-88] to handle undamped harmonics in the presence of weak 

grids. The modification of impedance is limited with practically simple compensators used in 
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digital controllers. It is hard to shape impedance to be whatever one desires in every channel but 

it is possible to provide additional damping of resonance and to increase or decrease the magnitude 

within a given frequency range. For current harmonics due to weak power grids, impedance-

shaping techniques were very effective [82-84] because the possible interactions between 

impedances were relatively simple to locate the origins in frequency range above 100 Hz. 

Nevertheless, the definition of a “good” impedance is yet unclear without knowing the crucial 

cause of instability for each situation, especially at about a few tens of Hertz – so-called sub- and 

super-synchronous harmonics, because many control loops and power system dynamics are in this 

frequency range. The actual root of instability was rarely mentioned and pinpointed until [56, 57] 

pointed out different instability reasons for constant power loads and synchronization, and [89] 

showed how to apply passivity theory to impedance analysis. Therefore, this weakens many 

reported impedance-shaping methods because they were not really targeting the main cause.  

The biggest benefit from the impedance-based method is the accessibility of the information 

needed, where measurements at terminals are enough to determine the small-signal stability at the 

given operating points. Since the terminal impedances intrinsically include all the circuit behind 

with its control, this approach offers us confidence to assess the stability and evaluate stability 

margins without knowing every detail inside. Besides analysis in simulation with computers, this 

approach is practical in real systems as long as there is a power electronics based converter capable 

of injecting perturbations in the d-q frame. Without additional efforts, the voltage and current 

measurements at the converter terminal are enough to compute the small-signal impedances for 

stability analysis. As such, the assessment of small-signal stability can be done online [90]. 

Compared to the traditional eigenvalue-based stability method, impedance-based approach only 

needs terminal impedance measurements to obtain small-signal stability information. In such way, 
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the converter manufacturers may not need to provide its detailed model and control to the system 

integrator or vice versa to investigate the stability. All that matters are the terminal impedance 

information based on different operating points, which can be measured by the manufacturers and 

provided along with the manuals and products. On the other hand, the measurements of the grid 

side impedance can be done by the connected converter by injecting small amount of perturbation, 

sweeping the frequency range of interest, and reading the voltage and current measurements at its 

own terminal in d and q channel respectively. Usually the process only takes a few minutes and no 

interruption would happen during the perturbation. Another benefit is that it is easy to set a certain 

impedance requirement for newcomers to be allowed to connect to the power grid, although 

possibly over-conservative sometimes. If a new unit does not meet the requirements of stability 

with respect to its impedance, its owner can tune its control parameters to follow the grid code, 

instead of the system operators calculating all the eigenvalues of the whole power system. 

However, it should be noted that integration of impedance models of each single unit to a power 

grid needs careful inspection when applying GNC to make sure sufficient conditions are met [91-

95]. 

Admittedly, state-space equations can provide the full information of the system, which can 

be used to analyze participation factors and to design power system stabilizers (PSSs) while the 

impedance-based method has no capability to do so since it only detects the terminal information. 

In summary, the impedance-based stability criterion is a fast and convenient approach for small-

signal stability without additional efforts with the presence of power electronics converters but it 

provides less information to conduct comprehensive study and global control of the power grids. 

[96-130] 
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1.3 Motivations and objectives 

There are two aspects, on which this dissertation is trying to focus, one being the operation of 

multiple STATCOMs in proximity in a small-signal sense and the other being the analysis to 

address stability issues based on impedance-based stability criterion.  

As mentioned before, there are few literatures talking about the stability problems in power 

systems with multiple STATCOMs in presence. Therefore, the first objective is to evaluate and 

find out how STATCOMs can interact with each other or with power grids in the small-signal 

sense. To analyze small-signal stability problems induced by STATCOMs in the evaluation, 

impedance-based stability criterion is selected for the drawbacks in the traditional state-space 

modeling method. However, there are no well-formed impedance models for STATCOMs to 

tackle. Hence, the second objective is to derive an impedance model and to use it in order to solve 

the small-signal stability problems. Whether there is a new type of instability pattern in addition 

to previous works and what is the crucial reason behind are also targets of this dissertation.  

1.4 Proposed dissertation outline 

The dissertation is organized as follows. 

Chapter II will introduce the power transmission grid with four STATCOMs. Evaluation of 

this system will be given with respect to different possible factors, including STATCOM control 

and power system parameters. In order to simplify analysis, a 2-STATCOM power system will be 

then introduced, trying to search similar potential instability as in the full system. Starting from 

the 2-STATCOM power system, a scaled-down experimental set-up was built accordingly for 

verification. 
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In Chapter III, a dq-frame small-signal impedance model of STATCOMs including all control 

loops will be derived systematically, with detailed analytical expressions. Some key features are 

discussed in different frequency ranges, which distinguishes this dissertation from previous works. 

The impedance model will be validated in the above scaled-down set-up too, using impedance 

measurement unit (IMU). 

Once the impedance model is ready, Chapter IV will use this tool to analyze the potential 

instability found in Chapter III, but in the simplified 2-STATCOM system. The significant factors 

that affect the stability will be analyzed in details and a new type of instability pattern, ac voltage 

regulation, will be pointed out. Discussions on the reasons of this pattern will be provided too. The 

IMU was used again to verify the analysis in this chapter experimentally. 

Chapter V extends the previous conclusions in Chapter IV back to the full system with four 

STATCOMs. The conclusions are first re-checked to see if they are still valid and then some new 

issues that only appear in the full system are discussed.  

Finally, Chapter VI concludes the whole dissertation and a possible future road map is 

proposed. 
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Chapter 2. ASSESSMENT OF POWER SYSTEMS WITH MULTIPLE 

STATCOMS IN PROXIMITY 

Equation Section 2 

2.1 Introduction and novelty 

STATCOMs, as a common type of FACTS devices, have been widely adopted in modern 

power systems to offer reactive power compensation and enhance stability performances [131, 

132]. It is a common practice to install a STATCOM at the bus either where it can regulate bus 

voltages over the grid to the best, or where some renewable energy is connected. However, this 

single-STATCOM approach may not be the best solution in every power system, because 1) 

reactive power cannot be delivered through long distances and a single STATCOM may not be 

able to maintain all the bus voltages; 2) possibly more than one STATCOM can achieve better 

oscillation damping; 3) several STATCOMs small in power rating could be more economic than 

a large one. Due to the above considerations, there is a power transmission grid from Dominion 

Energy with four STATCOMs installed in physical proximity in about tens of miles away. To 

generalize the analysis on interactions between STATCOMs, an IEEE 14-bus system test bed was 

selected with four STATCOMs placed nearby in Figure 2-1. By having multiple STATCOMs, a 

better voltage profile over the grid can be obtained and the STATCOMs are able to share the 

burden so that a smaller power rating can do the job for each STATCOM. Additionally, flexibility 

of operation is available to facilitate maintenance.  
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Figure 2-1 IEEE 14-bus system with four STATCOMs 

Researchers have been studying the influences of a single STATCOM connected to a given 

power grid, including steady state, small-signal and large-signal stability. Because there are not 

many power systems with multiple STATCOMs running in proximity, little has been done 

regarding multiple STATCOMs, not even to mention possible interactions between them in the 

small-signal sense. The existing papers on multiple STATCOMs are mostly focused on steady 

state analysis, for example, allocation and sizing [133-136] and coordinated secondary voltage 

regulation [50, 51, 137-140]. This section will try to fill the blanks in small-signal stability, starting 

from the assessment of a power system with multiple STATCOMs in proximity to see how 

multiple STATCOMs could interact and whether the system would be possibly unstable in the 

presence of STATCOMs.  
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2.2 Modeling and control of STATCOM 

STATCOMs have been introduced since 1970s, composed of thyristors. As power 

semiconductor technologies advances, present practical STATCOM configuration is dominant by 

multilevel structure to build up high voltages using silicon IGBTs due to flexibility and scalability. 

For example, Figure 2-2 shows a Siemens product configuration called SVC Plus where H-bridge 

modules using Si devices are stacked for high voltages, e.g. 30 kV for each phase and then a step-

up transformer is used to interface transmission power systems at the PCC point vPCC. 

 

Figure 2-2 Multilevel STATCOM configuration from Siemens 

According to [141], from the system level control point of view, which means dynamics below 

several kilo Hertz within the fastest current control loop, STATCOMs with multilevel structure 

show no difference between a simple 2-level voltage source converter. Therefore, STATCOM 
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topology and its control are shown in Figure 2-3. The controller of the STATCOMs is the 

commonly implemented cascaded controller with inner current loops and outer voltage loops 

oriented by a phase-locked loop (PLL) in dq-frame. Figure 2-4 shows the details where variables 

with * are the references; subscript d means variables in d-channel and subscript q means variables 

in q-channel. The inner current loop is controlled in d-q frame with decoupling to generate duty 

cycles for PWM to drive the power electronic devices, with the d-channel compensator Gcid and 

the q-channel compensator Gciq. The d-channel current reference is provided to maintain the dc 

bus voltage using dc voltage compensator Gcvdc and the q-channel current reference is given to 

regulate the ac bus voltage magnitude via ac voltage compensator Gcvac. 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 STATCOM, as shown in Figure 2-5 where K represents the slope and vPCCd0 

is the set point when the STATCOM outputs 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 GcPLL in order to track the grid. 

 
max

2 max

PCCV
K

Q


    (2.1) 
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Figure 2-3 STATCOM topology simplified as 2-level converter and its control 
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Figure 2-4 Details of STATCOM control 

 

Figure 2-5 QV droop for STATCOM control 

A simple design for compensators are as follows: 
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where ωci is the bandwidth of current loop, ωcv is the bandwidth of ac voltage loop, ωcPLL is the 

bandwidth of PLL, L is the transformer inductor, R is the parasitic resistor, Vdc is the dc bus voltage, 

ωn is the line frequency, Lg is the Thevenin grid inductor without any other STATCOM connected, 

Vpccd is the d-channel grid voltage at PCC. 

2.3 Evaluation of possible factors affecting stability  

Since there is no such power system with multiple STATCOMs reported for small-signal 

stability, it is important to assess this scenario to discover what factors are significant in affecting 

stability. Factors that could affect stability come from two aspects: one from the system itself and 

the other from STATCOM control introduced in the previous section. There are three control loops: 

PLL, current loop and voltage loop. What matters the closed-loop dynamics most is at which 

bandwidth the control loop is closed. Thus, in the following assessment, three different 

compensators with bandwidths for each control loop –factor from STATCOM control– were 

chosen with enough phase margin. On the other hand, parameters in the power system, a.k.a. 

factors from system, also could play a role in stability, such as loading level, the impedance of 

transmission line (or called electric distance) and the bandwidth of constant power loads. For every 

factor, the other factors were kept constant. 

Evaluation was done in time domain simulation in MATLAB/Simulink because it provides 

plentiful functions in frequency domain analysis and the studied system is not too large for a PC 

to compute. The parameters of each STATCOM were given in and all four STATCOM are the 

same. The controllers were designed based on the Thevenin equivalent grid impedance 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 
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bandwidth and 90° phase margin, assuming 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 6 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 four STATCOMs were connected online successively at the 

moments of 1, 3, 5 and 7 second in the marked order in Figure 2-1. All the four STATCOMs were 

identical in terms of power ratings and control parameters. 

Table 2.1 Parameters of STATCOMs 

Parameter Value 

Nominal voltage 30 kV 

Nominal power 125 MVar 

Transformer inductance 0.38 pu 

DC bus voltage 3.3 pu 

DC capacitance 1.39 pu 

The transient responses in PCC bus voltage in d-channel V1d at the first STATCOM were 

plotted in Figure 2-6, showing the evaluation of ac voltage loop, current loop and PLL respectively 

from top to bottom, with the other factors in the boxes on the right. It can be seen that all the three 

control loops showed significant impacts. The effects of the ac voltage loop are shown on the top 

of Figure 2-6. High bandwidth at 20 Hz indicated instability after the second STATCOM was 

connected. When the third STATCOM was connected, the system oscillated so much that 

STATCOMs were out of their power ratings and tripped at about 5.3 second and the system began 

being damped. However, when the fourth STATCOM was connected, the system started 

oscillating again and another STATCOM tripped at about 7.7 second. The lower bandwidth at 7 

Hz presented diverged oscillations when all the four STATCOMs were online and only the case 

with the lowest bandwidth was stable. As for current loop effects in the middle of Figure 2-6, low 
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bandwidth at 100 Hz in yellow showed instability when the second STATCOM was connected 

and at bandwidth of 200 Hz the system became unstable with the fourth STATCOM. When the 

bandwidth further rose to 500 Hz, all STATCOMs could coordinate. With increased PLL 

bandwidth in the bottom of Figure 2-6, the system became stable as at 10 Hz in blue and all the 

four STATCOM could work together while at 5 Hz in yellow and 8 Hz in red the connection of 

the fourth STATCOM triggered instability. Actually, it is worthwhile to mention that the 

connection sequence of STATCOMs did not matter in terms of stability, no matter which 

STATCOM was connected first or last, and this is true for all the evaluation. To summarize, higher 

PLL bandwidth, higher current loop bandwidth and lower ac voltage loop bandwidth tend to 

stabilize the system. 

 

Figure 2-6 Evaluation of impacts of STATCOM control 
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Figure 2-7 shows the simulation results when all the STATCOMs were working in voltage 

regulation mode in blue and in QV droop mode in red. The coefficient of the QV droop 

*1% max 0.0002PCCK V Q   , where 
*

PCCV  is the nominal value of PCC bus voltage 233.27 kV 

and max Q is the nominal output reactive power 125 MVar. By activating the QV droop, the 

STATCOMs generated less reactive power, but they were unstable when the fourth STATCOM 

was connected. 

 

Figure 2-7 Evaluation of impacts of STATCOM operation modes 

Two aspects of the effects of loads, load composition and loading level, were evaluated and 

the results are shown in Figure 2-8. Load composition, was assumed to be typical constant power 

loads (CPL) and constant impedance load (CZL), also given in Dominion Energy’s data. On the 

top, the loads all over the system were changed in the proportion and showed negligible influences. 

The loading level was also varied from 0.5 per unit to 1.5 per unit and presented insignificant 

changes in transients as well. These two tests actually indicate that the loads in the system are not 

dominant factors causing instability.  
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Figure 2-8 Evaluation of impacts of loads 

The power ratings of STATCOMs should also be taken into consideration when assessing the 

system stability. Intuitively, if the STATCOMs are very small, they cannot have significant 

influences on the grid, as confirmed by Figure 2-9 where only the power ratings were changed and 

control parameters of STATCOMs remained. When the STATCOMs were designed with smaller 

power ratings, for example 0.25 and 0.5 per unit, the voltage at the PCC bus could not be 

compensated to the reference value with enough reactive power. However, under these scenarios, 

the system was stable, since the diverging currents were limited and clamped by the small power 

ratings. When the reactive power rating was 1 per unit, one can observe the system instability, as 

found previously. If the power rating was further increased to 2 per unit, the system was still 

unstable, because 1 per unit was already enough to cause instability. Therefore, as long as the 

STATCOMs are properly sized for voltage compensation, the previously found instability due to 

STATCOM control could happen.  



25 

 

 

Figure 2-9 Evaluation of impacts of STATCOM power ratings 

For the power systems under assessment, the line impedances are in the range of 0.0002 to 0.2 

per unit under the base value for a 230-kV 2-GW system, which can be translated to 1~100 miles 

using typical values for 230-kV lines. For different voltage ratings, the physical length will be 

different, but what really matters is the electric length, and to be more specific, the impedance 

values of the lines in per unit. Regarding those transmission lines, their impacts must be 

categorized into two parts: the lines that connect to infinite buses or large synchronous generators 

and the other lines that only connect STATCOMs. The first type of lines determines how stiff the 

power system is – the stiffer the system, the less possible it becomes unstable and the smaller the 

impedances of the lines, the stiffer the grid. It is shown in Figure 2-10 where the 1x impedance 

case is the benchmark as shown before. If the impedance was doubled, the system was more 

unstable as the connection of the third STATCOM caused instability followed by tripping of a 

STATCOM due to tremendous currents. On the other hand, if the impedance was half, the system 

was stable with all the four STATCOMs. This shows the stiffness of the power system strongly 

affected its stability, which is not new but still applies to the previously found instability 

phenomenon. 
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Figure 2-10 Evaluation of impacts of transmission lines connecting to infinite buses 

However, the transmission lines that link STATCOMs showed different impacts, depicted in 

Figure 2-11 with the 1x impedance case being the benchmark too. When the transmission line had 

impedance values within 2 decades, a.k.a., 0.1 time to 10 times, similar instability happened still, 

due to STATCOM control. The instability disappeared until the impedance of the connecting line 

increased to 100 times larger. In this case, STATCOMs would be too far away and they could not 

interact with each other, as in an extreme case with two STATCOMs not connected electrically. 

In conclusion, if STATCOMs are installed in the range of 100 miles (that is the proximity), the 

transmission lines showed minor effects and the instability are mainly because of STATCOM 

control. 

 

Figure 2-11 Evaluation of impacts of transmission lines between STATCOMs 
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In summary, for power system under the following assumptions: 1) the load composition is 

constant power load plus constant impedance load; 2) the STATCOMs are properly sized for 

compensation; 3) the line impedances are 0.0002~0.2 per unit, the simulation results suggested 

that STATCOMs could fight each other and fall into instability. In addition, we can conclude that 

the instability was mainly because of the interactions between STATCOMs and the corresponding 

control played a very important role. This strengthens the importance of this work and careful 

design should be performed when adding multiple STATCOMs in proximity to a transmission 

grid. 

2.4 A simplified 2-STATCOM system 

To simplify the system and facilitate analysis in the following chapters and sections, a 2-

STATCOM system was considered in Figure 2-12 as it is the simplest network where STATCOM 

could interact with each other. From Section 2.3, we have discovered that the STATCOM control 

is the main factor of instability. Therefore, the same evaluation was conducted in this section to 

show that the simplification is meaningful as a testbed in terms of small-signal stability analysis. 

 

Figure 2-12 A simplified 2-STATCOM system 



28 

 

Similarly, STATCOM 1 and 2 were connected at 0.5 and 1.5 second respectively and the PCC 

bus voltage in d-channel V1d at the first STATCOM was shown in Figure 2-13. Three factors found 

significant from STATCOM control - PLL, current loop and ac voltage loop - were evaluated from 

top to bottom. For PLL on the top of Figure 2-13, the highest bandwidth at 10 Hz in green made 

the system unstable while the lower bandwidths at 2.5 Hz in blue and 5 Hz in yellow showed a 

marginal stability. In the middle of Figure 2-13, low current loop bandwidth at 100 Hz in blue 

showed instability and bandwidth at 200 Hz presented a marginally stable case. Further increased 

current loop bandwidth at 500 Hz stabilized the system. As for the ac voltage loop in the bottom 

of Figure 2-13, the scenario with the highest bandwidth at 20 Hz was unstable while the system 

became stable if the bandwidth was decreased to 1.4 Hz or 6 Hz.   

 

Figure 2-13 Evaluation of impacts of STATCOM control in the 2-STATCOM system 
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Figure 2-14 shows the impacts of STATCOM operation modes, with the ac voltage regulation 

mode in blue and the QV droop mode in red. The same conclusions can be drawn here that the QV 

droop made STATCOMs produce less reactive power and the system tended to be unstable. 

 

Figure 2-14 Evaluation of impacts of STATCOM operation modes in the 2-STATCOM system 

As such, similar oscillatory phenomena were observed in the simplified 2-STATCOM system 

with the same conclusions that higher PLL bandwidth, higher current loop bandwidth and lower 

ac voltage loop bandwidth tend to stabilize the system. Thus, the previous found instability 

problem not only happened in Dominion Energy’s system but also the simplified 2-STATCOM 

radial system, and the stability assessment applies to power systems under the aforementioned 

assumptions. Also, the 2-STATCOM system is a good simplification to start with 

2.5 Scaled-down testbed and experimental verifications 

Due to laboratory limitations, only scaled-down experiments can be conducted and also the 

simplified 2-STATCOM system can be constructed. Two 2-level 3-phase voltage source 

converters working as STATCOMs were built, one using 50 A, 600 V Si-based IGBT module 

PM50CL1A060 from Mitsubishi and the other using 120 A, 1200 V SiC-based MOSFET module 

CAS120M12BM2 from Cree. In order to filter out the harmonics from the switching behaviors, 
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LCL filters were implemented instead of L filters. The resonant frequency of the LCL filter is 

about 1.7 kHz, 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 

Instruments and CPLD LCMXO2-4000HC-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 2.2. STATCOM 1 is shown in Figure 2-15 and STATCOM 2 is shown in Figure 

2-16, with fully functional converter systems including all passive components, digital control 

systems and auxiliary components. The details of the scaled-down testbed are further described in 

Appendix in the end of this Chapter. 

Table 2.2 Parameters of scaled-down STATCOMs 

Parameter Symbol Value 

DC bus voltage Vdc 300 V 

Switching frequency of the STACOMs fsw 20 kHz 

Inductance of inverter side inductor of LCL filter L1 250 μH 

Resistance of inverter side inductor of LCL filter R1 20 mΩ 

Inductance of grid side inductor of LCL filter L2 250 μH 

Resistance of grid side inductor of LCL filter R2 33 mΩ 

Capacitance of capacitor of LCL filter C 35 μF 

Damping resistor in LCL filter Rc 1 Ω 

Capacitance of the dc capacitor Cdc 600 μF 

Discharging resistor in dc side Rdc 20 kΩ 

Current controller kpi + kii/s 
kpi 0.0055 

kii 2.75 

PLL controller kpPLL + kiPLL/s 
kpPLL 0.549 

kiPLL 5.49 

AC voltage controller kpac + kiac/s 
kpac 0.034 

kiac 334 
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DC voltage controller kpdc + kidc/s 
kpdc 0.043 

kidc 0.144 

 

Figure 2-15 Scaled-down STATCOM 1 

 

Figure 2-16 Scaled-down STATCOM 2 
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With the two STATCOMs working, Figure 2-17 shows the schematics of the scaled-down 2-

STATCOM system and Figure 2-18 is the picture of it. A voltage source 6814b from HP was used 

as the infinite bus and resistive loads were selected with line impedances in between. The loads 

and lines were selected with similar per unit values with those in simulation, as Table 2.3 shows. 

 

Figure 2-17 Scaled-down 2-STATCOM system schematics 

Table 2.3 Impedances comparison between simulation and experiment 

 Simulink Experiment 

Zbase 529 Ω 7.26 Ω 

Zlinedd (XL) 0.003~0.09 p.u.          @ 60 Hz 0.06 p.u.            @ 60 Hz 

ZSTATdd 
0.004 p.u.                   @ 0 Hz 0.11 p.u.            @ 0 Hz 

0.13 p.u.                     @ ~20 Hz 0.45 p.u.            @ ~20 Hz 

Zload 1~3 p.u.                     @ ~20 Hz 2 p.u.                 @ ~20 Hz 
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Figure 2-18 Scaled-down 2-STATCOM system 

Two STATCOMs started up with the voltage source powering the loads and their dc capacitors 

were charged via anti-parallel diodes of the power electronics devices. Their dc bus voltages were 

charged further more to the nominal values after their controllers were synchronized with the 

system and started sending PWM signals for switching. After this, they stood by, waiting for 

commands of reactive power compensation from PC consoles. Figure 2-19 shows the PCC bus 

line to line voltages at the terminals of the two STATCOMs, vab1 and vab2, and injecting current in 

phase a of the two STATCOMs ia1 and ia2 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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power, followed by the additional compensation of STATCOM 2, marked on the figure. This case 

was a stable case as a benchmark with two STATCOMs running where the control loop 

bandwidths were listed in the figure. 

 

Figure 2-19 Experimental waveforms of 2 STATCOMs: stable case 

If the ac voltage loop bandwidth was increased from 7 Hz to 12 Hz, one can see in Figure 2-20 

that the system was unstable and the injecting current oscillated, triggering the over-current 

protection in the end. This phenomenon verified the previous simulation that a higher ac voltage 

loop bandwidth tends to destabilize the system. Figure 2-21 plots the normalized power spectrum 

of injecting current in Figure 2-20. The line frequency component in 60 Hz has the magnitude of 

1 and the second largest components showed at 102 Hz. If transformed into d-q frame, this 102 Hz 

component became as 42 Hz oscillation since the line frequency was 60 Hz. 
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Figure 2-20 Experimental waveforms of 2 STATCOMs: unstable case due to ac voltage loop 

 

Figure 2-21 Spectrum of current waveforms in unstable case due to ac voltage loop 



36 

 

Figure 2-22 shows how the system behaved if the current loop bandwidth was decreased. The 

same process of tests was conducted but with a lower current loop bandwidth at 150 Hz. When 

STATCOM 2 started to compensate, the system oscillated again and triggered the over-current 

protection. Figure 2-23 analyzed the normalized power spectrum of the injecting current too, 

showing the second largest component at 92 Hz, which was 32 Hz in d-q frame. 

 

Figure 2-22 Experimental waveforms of 2 STATCOMs: unstable case due to current loop 
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Figure 2-23 Spectrum of current waveforms in unstable case due to current loop 

To find a case where the effects of PLL bandwidth were easier to observe, a marginally stable 

case were identified by increasing the ac voltage loop a little bit from 7 Hz to 10 Hz and increasing 

the PLL bandwidth from 5 Hz to 10 Hz compared to the benchmark case in Figure 2-19. The 

marginally stable case is shown in Figure 2-24 where the system was much less damped when 

STATCOM 2 began compensating reactive power. 
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Figure 2-24 Experimental waveforms of 2 STATCOMs: marginally stable case 

From the marginally stable case, the PLL bandwidth was reduced from 10 Hz to 5 Hz and the 

experimental results are shown in Figure 2-25. The system then fell into instability with the over-

current protection triggered. Figure 2-26 plotted the normalized power spectrum of the injecting 

current in Figure 2-25 and the second largest component at 102 Hz in abc frame or 42 Hz in d-q 

frame were identified. 
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Figure 2-25 Experimental waveforms of 2 STATCOMs: unstable case due to PLL 

 

Figure 2-26 Spectrum of current waveforms in unstable case due to PLL 

Lastly, when the QV droop was activated compared to the benchmark case, the system was 

unstable too and the experimental results are shown in Figure 2-27. The power spectrum of the 
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current is depicted in Figure 2-28 and the oscillatory frequency was 19 and 101 Hz in abc frame, 

which corresponded to 41 Hz in the dq frame. 

 

Figure 2-27 Experimental waveforms of 2 STATCOMs: unstable case due to QV droop 
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Figure 2-28 Spectrum of current waveforms in unstable case due to QV droop 

To summarize, the above experimental results validated the simulation with the same 

conclusions that higher PLL bandwidth, higher current loop bandwidth, lower ac voltage loop 

bandwidth and no QV droop tend to stabilize the system. 

2.6 Conclusions 

In this chapter, the operation of power systems with multiple STATCOMs in proximity was 

introduced and evaluated. The power system under study has typical load composition (constant 

power load and constant impedance load) with properly-sized STATCOMs for voltage regulation. 

The line impedances are within the range of 0.0002 per unit to 0.2 per unit for a 230-kV 2-GW 

system, which can be physically translated into line lengths between 1 to 100 miles. With the 

detailed modeling of STATCOMs and the power system, simulation was conducted to assess the 

small-signal stability using MATLAB/Simulink and possible voltage instability could happen.  

It was found out that voltage oscillations were primarily dependent on the STATCOM control 

while the loads and the transmission lines between STATCOMs had negligible impacts, because 

the impedance of STATCOMs were significantly larger than that of lines and smaller than that of 
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loads. This would be further explained in details in Chapter IV and V. The grid stiffness that is 

determined by the transmission lines connecting to the infinite buses strongly affected the stability. 

Therefore, the observed voltage instability problem was induced by STATCOMs, specifically the 

interactions between them. For the STATCOM control, slower ac voltage loop bandwidth, higher 

current loop bandwidth, higher PLL bandwidth and no QV droop improved the stability conditions. 

In order to simplify analytical analysis and start researching from a simple case, a 2-

STATCOM system was then introduced. The same conclusions were found in the simulation of 

the simplified system, making it a good candidate for further analysis. This 2-STATCOM system 

was also validated experimentally in a scaled-down system with two STATCOM prototypes and 

the same conclusions were reached.  

2.7 Appendix 

2.7.1 Converter configuration and digital control 

The two converters have the same configuration and the differences are the selection of power 

electronics devices and corresponding gate driver boards. One converter is based on a Mitsubishi 

silicon IGBT module PM50CL1A060 and the other is using 3 SiC-based MOSFET modules 

CAS120M12BM2 from Cree. The gate driver board of the Si-based converter was modified from 

the BP7B gate driver board from Powerex, with only inputs rearranged for compatibility of the 

control mother board. The gate driver board of the SiC-based converter was specifically designed 

by Jun Wang [142], with protection and turn-on/off speed adjustment. 

The mother boards and sensing boards for both converters are the same. The motherboards 

include a DSP, TMS320F28343 from Texas Instruments, and a CPLD, LCMXO2-4000HC-
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4TG144C, from Lattice, designed by Zhiyu Shen [143]. The sensing boards are using LEM 25-P 

for voltage sensing and LEM 55-P for current sensing. 

The sensed voltages and currents are sent to the mother board to its DSP through signal 

conditioning boards and offset for A/D for the DSP. Another path for sensed voltages and currents 

goes to the CPLD via a set of analog comparators, which simply judge if they are out of pre-set 

ranges by users for over-voltage/current protections. The DSP receives commands from the PC, 

including references for the PCC voltage and operation mode. The controllers of the STATCOMs 

are implemented digitally in DSP using C codes, given the sensed currents and voltages and 

commands from the PC, and send PWM signals to the CPLD. A manual switch is connected to an 

I/O port of the DSP to start the STATCOM operation and for emergency stop as well. The CPLD 

acts like a buffer for PWM signals and sends signals to the gate driver board if it receives no fault 

signal. When there is a fault signal, from either the gate driver board, or pre-set over-

current/voltage protections by users or emergency stop from users, the CPLD will send blocking 

PWM signals to the gate drive board immediately and return a fault signal to the DSP to stop the 

codes. The reason for the additional layer of CPLD is to provide fast and robust protection, because 

it is implemented via logic gates in CPLD instead of codes in DSP, which are influenced by 

missing communication to the emulator or crashed PC program.  

2.7.2 Start-up process 

Referring to synchronous condensers, there are typically two kinds of starting methods [144]. 

The first method is to connect a synchronous condenser to the grid via its transformer tapping 

down the voltage to speed up the torque, and then increase the secondary side voltage gradually to 

accelerate to the grid frequency. The second method is to use an additional motor to drive its torque 
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to the grid frequency approximately, and then use a synchronizer to synchronize before closing the 

main circuit breaker.  

With these ideas, there are also two corresponding methods for a STATCOM. The first one is 

to connect the converter to the grid and use the anti-parallel diodes of switching devices to charge 

the dc capacitor while in the meantime the controller begins to synchronize. When the dc bus 

voltage reaches the steady-state and the synchronization completes, the converter starts switching 

with the current loop and the dc voltage loop running to charge the dc capacitor further to the 

nominal value before starting the ac voltage loop to compensate. The second one is to use a 

separate dc source to charge the dc bus voltage to its nominal value through a pre-charging circuit 

without connection to the grid and mimic a synchronizer to synchronize. After the dc bus is 

charged and synchronization is finished, a main circuit breaker is closed and all the loops except 

the ac voltage loop start working to ensure smooth connection. Finally, the ac voltage loop is 

turned on to begin compensation. Comparing these two method for a STATCOM, the first one is 

preferable because it is easier to implement without addition of an extra dc power source and 

potential danger due to failure mimicking synchronizer.  
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Chapter 3. D-Q FRAME IMPEDANCE MODEL OF STATCOM 

Equation Section 3 

3.1 State of the art: an overview 

 A first attempt to describe their behavior deriving the small-signal model of a STATCOM was 

presented in [22, 29, 37], nonetheless neglecting both the current loop and the phase-locked loop 

(PLL) used to synchronize its operation with the grid, in what is a reduced order model used to 

understand the basic operating principles of such units. A full-order model of a STATCOM, 

including the details of the controller, was then  presented in [28]. These were formulated, however, 

in state-space form for analytical and simulation purposes, which requires to have full knowledge 

of the STATCOM physical and control system structure, and also of the system, in order to use 

the models for stability studies. This is usually difficult given the various origin of equipment and 

proprietary constraints that limit information flow between vendors [51].  

A more promising and practical alternative is the use of impedance-based stability analysis, 

which has been proven of great success in dc systems for a long time [55], and has since then 

become attractive too in power electronics based three-phase ac systems [56-60, 62, 63, 70, 78, 

90, 145-149]. Such analysis uses the measureable terminal characteristics of power converters, 

that is, their small-signal input 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 

system components, representing a significant advantage for system integrators. 
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Along these lines, this chapter derives first the d-q frame terminal impedance of a three-phase 

STATCOM providing insight into the different physical and control system components that 

compound it, and hence facilitates the use of impedance-based stability analysis in power systems 

supported by STATCOM units. Such analysis has not been reported so far to the best knowledge 

of the authors. It represents nonetheless an extension to several small-signal models of power 

converters that have been analyzed in the past, including [61, 62, 83, 145, 150, 151]. Among these, 

some models were built in the abc-frame [61, 62, 70, 79, 150, 152], while others are in the d-q 

frame, both of which have been proven to be equivalent in recently published work [66, 67]. 

Accordingly, the study of stability at given ac interfaces can be conducted using small-signal 

impedances in both abc-[62] and d-q frames [56, 57]. In this chapter, the latter approach is pursued 

given that STATCOM controllers are primarily designed in the d-q frame—seeking to control 

independently their active and reactive power flow, thereby gaining more insight into the shaping 

of their impedance by modeling them in the d-q frame too. The d-q frame impedance model 

derived is finally validated against the measured d-q frame impedance of a 10 kVA STATCOM 

prototype unit, obtained with an impedance measurement unit (IMU) capable of measuring 

impedances in the 0.1 Hz to 1 kHz range [153]. 

From the model, several key features of STATCOM units are identified, which ultimately 

determine the possibility 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. The second feature is that the negative-incremental input 

impedance of a STATCOM can be reflected either on its d- or q-axis channel depending on its 

reactive power operating mode, where reactive power is generated to support the grid voltage, and 
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absorbed under high voltage conditions [59]. 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 constant power load (CPL) dynamics [56], or in the q-channel as a result 

of active power being injected synchronously into the grid [57]. 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 significantly from those of grid-tied inverters and rectifiers, which 

renders previous stability-related findings for these converters nonapplicable directly. The d-q 

frame impedance model derived will consequently provide aid in this direction seeking to avoid 

interactions between STATCOMs and with other system components. 

3.2 Open-loop power stage model 

The schematics and control systme of the STATCOM is shown in Figure II-2. To start with, 

the averaged small-signal circuit of one STATCOM was plotted in Figure III-1 with vg to be the 

ideal grid voltage source at the infinite bus as a reference, vPCC to be the voltage at PCC, i to be 

the injected current and duty cycle d multiplied by STATCOM’s dc voltage Vdc to be the output 

voltage of it. Note that this is based on STATCOM averge model which ignores the switching 

behaviors but contains every details of the controller in the frequency domain. The d-q frame is 

aligned with the infinite bus for integration of impedance models in a grid at different buses. That 

is to say, the derived d-q frame impedance model is based on a common voltage vg in a given grid.  
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Figure 3-1 Small-signal circuit of STATCOM and grid 

 

Figure 3-2 Small-signal model of open-loop STATCOM and grid 

From the small-signal circuit, the small-signal model of STATCOM and grid without any 

control can be plotted in a control block diagram form as in Figure III-2 where Gvdcv is the transfer 

function matrix from the grid voltage in the system frame 
s

PCCv  to the dc voltage 
dcv ; Gvdcd is the 

transfer function matrix from the duty cycle in the system frame s
d  to the dc voltage 

dcv ; Gid is 

the transfer function matrix from s
d  to the injected current in the system frame s

i ; Yol is the 

transfer function matrix from the grid voltage in the system frame s

gv  to s
i , which is also known 

as the open-loop admittance matrix and is the inverse of the open-loop impedance Zol. The open 

loop transfer functions can be found in the appendix of this chapter. The bold variables are 2-by-

1 vectors or 2-by-2 matrices and the tilde indicates that they are in the small-signal sense. The 
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impedance of the STATCOM is defined as the ratio between 
s

PCCv and s
i (although the notation is 

not mathematically rigour): 

 
STAT

s

PCC

s


v
Z

i
  (3.1) 

 

Figure 3-3 System and controller dq-frames 

To further illustrate, there are two d-q frames defined – one called the system d-q frame whose 

d-axis is aligned with the infinite bus grid voltage phasor 
gV  which can be considered as stiff and 

the other called the controller d-q frame whose d-axis is aligned with PCC bus voltage phasor 

PCCV , with which the STATCOM’s controller is synchronizing. By separating those two frames, 

the dynamics from the synchronization process can be included and the steady-state positions of 

these two voltages are not the same. Figure III-3 illustrates these two frames with the controller 

one (superscript “c”) aligned with vPCC and the system one (superscript “s”) aligned with vg where 

the steady-state phase difference is θ, which is introduced by the line impedance and power transfer 

between the PCC bus and infinite bus, without loss of generality. Thus any variables in one d-q-

frame can be translated to the other by multiplying a transition matrix T or its inverse, which is: 
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With this transition matrix T defined, d-q frame impedances in two frames have the following 

relationship: 

 c s -1
Z TZ T   (3.4) 

In fact, since there is only phase difference in the transformation (3.3), (3.4) is general when 

transforming d-q frame impedances between different frames. It should be noted that by doing the 

transformation, impedances defined in different d-q frames can be integrated to a globally common 

d-q frame, for example a given reference frame, as long as the phase differences to the reference 

frame are known. Usually this assumption can be satisfied because the steady-state values are 

solved before doing the small-signal analysis and therefore the phase angles at each terminal are 

accessible. If analysis of multiple STATCOMs in a given grid is needed, impedances of all 

STATOMs can be transformed into a same d-q frame for further investigation. Inclusion of the 

phase angle difference in the impedance model facilitates the extension to multiple STATCOMs 

cases. 

Table 3.1 Parameters of STATCOM in simulation 

Parameter Symbol Value 

DC bus voltage Vdc 100 kV 

D-channel PCC bus voltage in system d-q frame 
s

PCCdV
 
 30.35 kV 

Q-channel PCC bus voltage in system d-q frame 
s

PCCqV  -465.2 V 

D-channel grid side current in system d-q frame 
s

dI  -9.12 A 

Q-channel grid side current in system d-q frame 
s

qI  -1.78 kA 

Inductance of step-up transformer L 7.3 mH 

Resistance of step-up transformer R 21 mΩ 

Capacitance of the dc capacitor Cdc 100 mF 
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Discharging resistor in dc side Rdc 20 kΩ 

Current controller kpi + kii/s 
kpi 0.00017 

kii 0.015 

Current loop bandwidth fci 500 Hz 

PLL controller kpPLL + kiPLL/s 
kpPLL 0.002 

kiPLL 0.02 

PLL bandwidth fcPLL 5 Hz 

AC voltage controller kpac + kiac/s 
kpac 0.445 

kiac 222.5 

AC voltage loop bandwidth fcvac 20 Hz 

DC voltage controller kpdc + kidc/s 
kpdc 1.25 

kidc 0.225 

DC voltage loop bandwidth fcvdc 0.1 Hz 

The parameters of studied STATCOM are shown in Table III-I in analytical derivation and 

simulation. Note that all the variables are transformed to the low-voltage side of the transformer. 

3.3 Derivation of d-q frame impedance model of STATCOM 

3.3.1 Effect of PLL 

Like any other grid-tied converters, STATCOMs need to synchronize with its terminal ac bus 

voltage to operate, where a PLL is the most commonly implemented method, among which a 

simple stationary reference frame (SRF) PLL was chosen for the STATCOM. Other kinds of PLL 

are out of the scope of this chapter but the same modeling concept can be applied to analyze as 

well. As mentioned before, the STATCOM detects and synchronizes its own terminal voltage 

PCCV  and there is a phase difference between 
PCCV  and gV  which makes the steady-state d-q 

values of one variables in two frames different. To identify the small-signal perturbation 

propagated via PLL path from the sensed voltage
PCCV , transfer function matrices 

v

PLL
G , 

i

PLL
G  and 

d

PLL
G  are defined to represent the small-signal perturbation from the PCC bus voltage in the system 
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d-q frame 
s

PCCv  to the PCC voltage in the controller d-q frame 
c

PCCv , to the current in the controller 

d-q frame c
i , and to the duty cycle in the controller d-q frame c

d  respectively. After applying 

small-signal perturbation to (3.2) with the PCC voltage, current and duty cycle substituted, we can 

get: 
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Figure 3-4 Small-signal model of the STATCOM with PLL 

According to [14], the output angle in small-signal sense of the SRF-PLL is 

 
1c

PCCq PLL
s

v tf     (3.6) 

where 

 
1

PLL pPLL iPLLf k k
s

    (3.7) 

Substituting (3.7) into (3.2) and (3.5), and removing the steady-state values, we can get: 
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where 
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Thus according to the previous definitions, 
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If there is no phase difference, which is one of the results of zero grid impedance, these transfer 

function matrices will devolve to the special case in [Bo]. With all the above transfer function 

matrices defined and solved, the small-signal model of the STATCOM and PLL in control block 

form is shown in Figure III-4 and the impedance of STATCOM with PLL implemented can be 

solved: 
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-1

d

PLL ol id PLL
Z = Y +G G   (3.13) 

Figure III-5 shows the effects of PLL where the blue curve is the open loop impedance of the 

STATCOM and the red curve is the impedance with PLL. For the open loop impedance, the low 

frequency part shows the dc capacitor reflected to the ac side and the high frequency part shows 

the impedance of the transformer. The impedance with PLL shows a resonant peak at 5 Hz, which 

is its bandwidth and regulates the low frequency part to be resistive while keeping the high 

frequency part the same. 

 

Figure 3-5 STATCOM impedances: open loop (Zol) and with PLL (ZPLL) 

3.3.2 Effects of current control loops 

With the STATCOM synchronized with the grid using PLL, the current controller and voltage 

controller can be applied to enhance the operation. The small-signal model of the STATCOM with 

PLL and current loop is shown in Figure III-6 where the PI current controller is implemented in 

the controller d-q frame as (3.14) with its reference *c
i . 
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Figure 3-6 Small-signal model of STATCOM with PLL and current loop 
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From Figure 3-6, we can list the following equations for each nodes: 

Substituting equations to eliminate duty cycles and setting the current reference to be zero 

yields: 

     
 

-1
d -1 i -1

PLL,i ol id PLL ci PLL id ciZ = Y + G G - T G G I + G T G T   (3.15) 
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Figure 3-7 STATCOM impedances: with PLL only (ZPLL) and with current loop and PLL (Zi) 

The influence of the current control is shown in Figure III-7. The current loop bandwidth is 

500 Hz and thus there is no significant discrepancy beyond 200 Hz between the impedances with 

only PLL in blue and that with PLL and current loop in red, leaving the impedance showing the 

passive components’ impedance characteristic. In the low frequency range, the current controller 

makes the impedances behave like current source, which is exactly what the current controller 

regulates. Due to nearly zero power factor, the impedance matrix is no longer diagonal-dominant 

as in unity-power-factor cases and furthermore Zqq does not appear as a negative resistance. 
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3.3.3 Effects of voltage control loops 

 

Figure 3-8 Small-signal model of STATCOM with PLL, current and voltage loop 

On top of the current loops, the ac voltage loop and the dc voltage loop can be applied. The 

small-signal model of the STATCOM with all the loops is shown in Figure III-8 where the voltage 

controllers are 
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Therefore the impedance of a STATCOM with all loops can be solved: 
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Figure 3-9 STATCOM impedances: with current loop (Zi) and with all loops (Zv) 

The influence of the voltage loops can be observed in Figure III-9. The ac voltage loop 

bandwidth is 20 Hz, within which the impedances are shaped as resistors, either positive or 

negative depending on the operating point. Above that, the impedances stay the same with those 

under PLL and current loop only. 
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3.3.4 Effects of QV droop 

 

Figure 3-10 Small-signal model of STATCOM with PLL, current and voltage loop with QV droop 

Since the grid voltage is allowed to vary in a reasonable range, there is another operation mode 

for STATCOMs to lessen the burden by activating the QV droop. The QV droop detects the output 

reactive power of STATCOMs to modify the ac voltage reference. The small-signal model of the 

STATCOM in addition of the QV droop is shown in Figure III-10, where K is the droop coefficient; 

0

c

PCCv  is the reference voltage without any reactive power compensation and 
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The impedance of a STATCOM with all loops and QV droop can be solved: 
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The effects of QV droop is shown in Figure III-11. There is a significant increase in the 

magnitude of the dq-channel impedance and other channels remain almost the same because the 

reactive power is mainly dependent on q-channel current and the d-channel PCC voltage is the 

controlled variable of the QV droop. By activating the droop, q-channel current has equivalently 

more influence on the d-channel PCC voltage, which indicates larger impedance in the dq-channel.  

 

Figure 3-11 STATCOM impedances: without QV droop (Zv) and with QV droop (ZQv) 
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3.4 Features of STATCOM impedance 

3.4.1 Low frequency characteristics 

To illustrate the low frequency resistive behavior, the following equations (3.20) are 

considered. The first equation represents the power balance in the steady-state for the STATCOM, 

considering the active power absorption in the ac side and all the losses including the parasitic 

losses in the transformer and an approximate estimation of the losses of the converter, which is 

basically what the dc voltage loop does to maintain the dc bus voltage. The second equation shows 

how the ac voltage loop works in the steady state. In all, these two equations (3.20) describe the 

behaviors of the STATCOM within voltage loops bandwidth under the assumption that all the 

loops are working perfectly. 
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Consider (3.20) as implicit functions of 
s

PCCv and s
i as (3.21) and do the derivative (3.22), we 

can get the ratio between 
s

PCCv and s
i , which is exactly what the STATCOM impedances are 

defined. Therefore the low frequency values of the STATCOM impedances can be solved as (3.23). 
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As seen in (3.23), the four elements are all resistive with their polarities depending on the 

operating point. Roughly speaking if any losses are neglected (3.24), when the STATCOM is 

generating reactive power to the grid, which means it is in the capacitive mode, Zdd is positive and 

Zqq is negative, making it behave like a constant power load [56]; when the STATCOM is aborbing 

reactive power from the grid, meaning that it is in the inductive mode, Zdd is negative and Zqq is 

postive, making it more as a voltage source inverter with PLL [57], as shown in Figure III-12. For 

the same amount of reactive power, positive or negative, the magnitude of the impedances are the 

same but the phase is 180 degree different. The main causes of instability with the presense of 

constant power loads and voltage source inverters are different, indicating different channels, d-d 

or q-q, to check primarily. Yet STATCOMs could behave in either way, complicating the cases 

with the existing knowledge. 
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Figure 3-12 STATCOM impedances under different operating points 

However, note that in some rare and extreme cases and above conclusions are not true. Figure 

III-13 shows the extreme cases on the left and normal case on the right where the phasors are 

plotted where the difference is how the reference dq-frame is selected or practically where the 

infinite bus voltage is. In the figure, 
0Q

PCC



V   is the uncompensated PCC voltage phasor, 
0Q

PCC



V  is the 

PCC voltage phasor when the STATCOM is absorbing reactive current 
0Q

PCC



I  and 
0Q

PCC



V  is the PCC 

voltage phasor when the STATCOM is providing reactive current 
0Q

PCC



I . Due to the small resistive 

part in the equivalent grid impedance, there are small phase differences between the compensated 

and uncompensated voltages, which are drawn exaggeratedly in the figure. Take the dd-channel 

element in the impedance expression (3.24) as an example. In the extreme case, when the 

STATCOM is outputting reactive power, VPCCq is negative and Iq is negative and thus Zdd is 

positive; on the other hand, when the STATCOM is receiving reactive power, VPCCq is positive 

and Iq is positive and therefore Zdd is still positive. However, because the resistive part in the 
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transmission systems is trivial, the extreme cases are very rare. Furthermore, note that these cases 

appear only when the PCC bus is very close to reference frame, which is often selected to be 

aligned with the infinite bus. The possibility of the extreme cases is diminished further by the fact 

that STATCOMs are usually installed far away from the infinite bus to help reactive power 

compensation. In all, the conclusion that the STATCOM impedance polarity changes along with 

reactive power directions holds true for almost all the situations. 

 

Figure 3-13 Impacts of position of PCC voltage on STATCOM impedance 

Another aspect of the STATCOM impedances is that the impedance matrix is not diagonal 

dominant as in the unity power factor case. In the unity power case, the magnitude of Zdd and Zqq 

elements are much larger than the other two, Zdq and Zqd, which renders decoupling of the d-

channel and q-channel and facilitates the assessment of the stability because the stability can be 

dertermined by checking the dd-channel and qq-channel individually. However in the STATCOM 

case, the magnitude of the q-d channel was much larger than the other three channels, indicating 

that the d and q channels are highly coupled, which is mainly because of the ac voltage loop control 

that is controlling Iq based on Vpccd. This feature makes the STATCOM impedance complicated to 

analyze in the sense of impedance-based stabilty criterion intuitively and in the most cases 

characteristic loci must be calculated for stability analysis, which is out of the scope of this chapter. 
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For impedances like STATCOM or any other converter working under low power factor 

conditions, the full expression of the return ratio needs to be examined to apply the general Nyquist 

stability criterion (GNC). 

3.4.2 High frequency characteristics: impacts of control loops on the impedances 

3.4.2.1 AC voltage loop 

Figure III-14 shows the impedances of a STATCOM with increasing voltage loop bandwidths 

indicated by the arrow and other control parameters unchanged. Specifically, the bandwidth was 

increased from 2.5 Hz to 20 Hz in this figure. As discussed in Section 3.3.3, the resonant peaks in 

each channel at the bandwidth frequencies are created by the ac voltage loop because within its 

bandwidth, the loop regulates the magnitude to be certain values in Section 3.4.1 and above the 

bandwidth the current loop takes over regulating the impedances to be of a current source. Thus, 

the resonant peaks move to the high frequency as the bandwidth increases. 

 

Figure 3-14 AC voltage loop effects on the impedances 
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3.4.2.2 PLL 

The PLL’s effects are greatly masked by those from the ac voltage loop. Figure 3-15 shows 

how the impedances of a STATCOM change with different PLL bandwidths with other control 

parameters staying as the same, evincing the small effect of the PLL. In effect the resonant peak 

is changed ever so lightly when changing the PLL bandwidth from 5 Hz to 20 Hz.  

 

Figure 3-15 PLL effects on the impedances 

If only the related terms with PLL and ac voltage loop in (3.17) are taken out, we can get: 
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where 
s

dD  is the duty cycle in the system d-channel. In (3.25), the first element is only related to 

the current loop compensator and ac voltage loop compensator while the second element is also 

with operating point and PLL. it is apparent that the left element is only related to the current loop 
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and ac voltage loop compensators, while the second element is also function of the operating point 

and the PLL. Given that the duty cycle and operating point do not vary significantly, less than 20 % 

of the nominal values, and that the compensator gains can change several times as their respective 

bandwidths change, it can be concluded that it is the left element that reflects how the current and 

ac voltage loops change the STATCOM impedance, and the right element that reflects the impact 

of the PLL. Figure III-16 shows the comparison of the two elements, namely effect from ac voltage 

loop and effect from PLL, showing how the effect of the ac voltage loop is much larger across the 

frequency range of interest, masking any impact of the PLL. Although this masking effect is 

dependent on operating points, especially on grid voltage level and STATCOM power ratings, the 

conclusion still holds for transmission level, because the PLL compensator gain is in inverse 

proportion to the grid voltage while the ac voltage loop compensator gain is inversely proportional 

to the grid inductance. For the parameters used in this section, the effects from ac voltage loop are 

about 100 times larger than that of the PLL. Their magnitudes would only be comparable if the 

grid voltage drops to 10 times smaller and the grid impedance increases to 10 times larger, showing 

how the ac voltage loop has a much greater influence than the PLL on the stability of a STATCOM 

unit. However, in low voltage applications e.g. distribution systems or micro-grids, this conclusion 

may need to be rechecked. 
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Figure 3-16 Comparison of PLL and ac voltage loop effects on impedances 

3.4.2.3 Current loop 

Figure III-17 shows the effects of current loop’s bandwidths on the impedance of a 

STATCOM. Because the current loop regulates the impedance to be a current source within its 

bandwidth, the higher the current loop bandwidth, the wider range of current source behaviors in 

the impedance. Beyond the current loop bandwidth, the impedances increase in magnitude as the 

filter inductor appears. In all, from the bandwidth of the ac voltage loop to current loop, the 

impedances’ magnitude drops and rises above the current loop’s bandwidth due to the passive 

inductor. Therefore, as the current loop bandwidth increases, the impedances increase in 

magnitude. 
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Figure 3-17 Current loop effects on the impedances 

3.4.2.4 Droop coefficient 

As mentioned, activation of droop increased the impedance magnitude in d-q channel. The 

larger the droop coefficient, the larger the impedance, with the case without the QV droop being a 

special case when the droop coefficient is zero. This is shown in Figure III-18. 
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Figure 3-18 Droop coefficient effects on the impedances 

With all the above modeling and analysis, this chapter presented the d-q frame impedance 

model of a STATCOM in the small-signal sense with all control loops including PLL, current loop 

and voltage loops for frequencies below control loop bandwidths. Actually this impedance model 

is a generic impedance model which can be applied to other grid-tied converters. For example, if 

the converter is a front-end for a PV system which only regulates the dc bus voltage and 

synchornizes with PCC bus voltage, then the model can be revised by removing the ac voltage 

loop; if the grid impedance is zero, the model can be further reduced by letting the phase difference 

θ to be zero. If a different PLL or different controller is used, then the corresponding block should 

be updated for the new controller. By manipulating the control blocks, impedance models can be 

extended for different control schemes and different topologies. 
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3.5 Experimental verification of impedance model 

In order to validate the proposed impedance model, scaled-down STATCOMs were built as 

shown in Figure II-9 and Figure II-10. The parameters are listed in Table II-II. The impedances 

were measured using an impedance measurement unit (IMU) in Figure III-19 from 0.1 Hz to 1 

kHz and the measurement circuit were shown in Figure III-20. The series-injection mode of the 

IMU is better suited for the characterization of the ac side having higher voltage bandwidth, the 

STATCOM, whereas a shunt-injection mode would be better to characterize the low impedance 

side, namely the grid impedance. When the STATCOM under test reached its given operating 

point, IMU started to perturb and measure responses, which could take tens of minutes depending 

on the number of injection frequencies and the type of injecting signals. Actually, the IMU could 

measure impedances of both sides but here only impedances of the STATCOM were of interest. 

More details about the IMU operation can be found in the Appendix in the end of this Chapter. 
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Figure 3-19 Impedance measurement unit 

 

Figure 3-20 Impedance measurement circuit 

Because there was possibly no neutral point in the system, the IMU was design to sense line 

to line voltages and the measured impedances were under line-to-line base. The impedances in d-

q frame from line-to-line variables are always three times those from line-to-neutral variables at 

all frequencies. This can be proven as follows: 
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Let the subscript “l-l” to be variables in line-to-line base and subscript “l-n” to be variables in 

line-to-neutral base. Doing Park transformation from abc variables in line-to-line: 
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where θab is the phase of vab. To transform variables in line-to-line base to line-to-neutral,  
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Doing inverse Park transformation for abc variables in line-to-neutral: 
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Similarly, for current variables, 
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Thus, it can be proven by combing (3.28) and (3.29) that 
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Because nothing has been assumed, (3.30) is generic and applies to any frequency. 

The impedance measurement results are shown in Figure 3-21, where the derived impedance 

model is plotted in blue, and the measurement results are drawn in red corresponding to the case 

with all control loops closed. The biggest discrepancy is observed in the phase of the Zdq and Zqd 

elements above 100 Hz, which results from the delay of the voltage sensors in the IMU. Compared 

to other d-q frame impedance measurements conducted by IMUs, these measurements are very 

clean and nearly noise-free. This is a result of the non-diagonal nature of the STATCOM 

impedance that keeps a high signal-to-noise ratio in all d-q frame channels, as opposed to PWM 

rectifiers where the measurement of the d-q frame cross-channel impedances is always 

troublesome [56, 57]. Figure 3-22 depicts the STATCOM impedances with and without the QV 

droop. The impedance element Zdq was increased in magnitude a lot in the low frequency with the 

QV droop, corresponding to the impedance model analysis above. 
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Figure 3-21 STATCOM impedance measurements with all loops 
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Figure 3-22 STATCOM impedances with and without QV droop 

Figure 3-23 shows the STATCOM impedances under different reactive power output, 

evincing how the polarity of its negative impedance characteristic flips depending on its reactive 

power flow. 
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Figure 3-23 STATCOM impedance measurements with different reactive power directions 

3.6 Conclusions 

This chapter proposed and analyzed in detail the small-signal d-q frame input-impedance 

model of a STATCOM taking into consideration its PLL, current loop, voltage loop, and QV droop, 

that can be readily used to study the small-signal stability at three-phase ac system interfaces in 

the presence of STATCOM units. From the model, the following conclusions were extracted. First, 

because of the inherent operating conditions of a STATCOM, the stability assessment directly 

from the d-q frame impedances is very difficult—as opposed to unity power factor rectifiers and 

inverters, for which a multivariable stability theorem using the return-ratio matrix, product of the 

upstream and downstream impedances at a given ac interface must be used; for instance, the GNC. 

Second, the ac voltage loop of the STATCOM was found to be the strongest contributor to its 
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terminal impedance and in consequence to its small-signal stability conditions. This loop was 

shown to effectively mask the PLL dynamics, especially for system parameters proper of 

transmission grids, previously shown to be critical in grid-tied power converters. And third, very 

importantly, the STATCOM impedance was shown to be able to behave both as a CPL rectifier 

and as a grid-tied inverter injecting power into the grid, from a dynamic standpoint, featuring a 

negative incremental input-impedance in its Zdd or Zqq impedance elements respectively, as a 

function of its reactive power injection mode (capacitive or inductive), and as a function of the 

relative phase between the d-q frame in question and the voltage at the PCC. These are all unique 

impedance characteristics that make the stability analysis in the presence of STATCOMs more 

involved than other unity power factor converters. Lastly, the model was verified experimentally 

using an IMU to measure the input-impedance of a 10 kVAR STATCOM prototype, which was 

shown to match very well with the impedance obtained using the model developed. 

3.7 Appendix 

3.7.1 Open loop transfer functions of a STATCOM 

The open loop transfer functions are follows: 
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where 

 

2

11

2

12

2

21

22

( )( ) ( )( )

( )( ) ( )( )

( )( ) ( )( )

( )(

dc d d dc dc q dc d q dc d q

dc q d dc q dc q q dc dc d q

dc d d dc dc d q dc d q dc d

dc q d dc d

num Z I D V Z D Ls R Z I D L Z D D

num Z I D Z D Ls R Z I D V L Z D D

num Z I D V L Z D D Z I D Z D Ls R

num Z I D L Z D









         

         

         

    2

2 2

) ( )( )

( )( ) ( )( )

q dc q q dc dc d

dc d dc q dc d q dc d q

D Z I D V Z D Ls R

den Z D Ls R Z D Ls R L Z D D L Z D D 

     

          

  (3.34) 

  s s s s

dc d q d qZ D D I I       vdcd id
G G   (3.35) 

 
s s

dc d q olZ D D   vdcv
G Y   (3.36) 

3.7.2 The operation of the impedance measurement unit 

The impedance measurement unit (IMU) is conceptually an impedance analyzer with large 

power ratings, which can generate small-signal perturbations on top of normal operation points. 

However, in this scenario the small-signal perturbations are practically 1~3% of the power of the 

whole system under test, probably several kVA to tens of kVA. The overall architecture of the 

IMU is plotted in Figure 3-24. 
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Figure 3-24 Overall architecture of IMU 

To achieve this power rating and wide frequency range of measurements, the IMU is 

composed of 3 H-bridges using silicon modules and a power amplifier, as in the “Pert. Injection” 

part in Figure 3-24. The 3 H-bridges are for low frequency measurements from 0.1 Hz to 1 kHz as 

their switching frequency limits the control bandwidths and therefore the frequency range of 

perturbations. The power amplifier is for high frequency measurements from 10 Hz to 10 kHz 

because the ferrite core of its step-up transformer will be saturated under low frequency 

perturbations. The IMU can inject either voltage or current perturbations, called series or shunt 

mode respectively, because the IMU is series connected in the system to inject small-signal 

voltages and is parallel connected to inject small-signal currents. The pros and cons of these two 

modes have been discussed previously. In the series mode, the IMU bares the system current, and 

therefore the 3 H-bridges will be connected in parallel to increase current capability. On the other 

hand in the shunt mode, the IMU bares the system voltage and the 3 H-bridges will be connected 

in series to withstand higher voltages. This configuration change is achieved by manipulating 

switches, controlled by a PC “System Coordination”. 
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Once the configuration of the IMU is decided, one can start the system under test and operate 

it under desired operating points. The IMU can automatically charge its dc capacitors to prepare 

perturbation injection. The injected signals can be sinusoidal waveforms at a single frequency, 

multi-tone signals at several frequencies and a chirp signal. To obtain the most accurate 

measurements, sinusoidal waveforms are preferable but most time-consuming. For example, 

measurements from 0.1 Hz to 1 kHz for 40 frequency points take about 50 minutes. Details about 

how the injection waveforms are generated are in [154]. All the responses are acquired by a 

specific computer from National Instruments, marked as “Response Acquisition”. After all the 

injections are done, the PC will calculate the impedances, both the grid and load sides, and store 

under a specific folder. The procedure of impedance measurements using IMU is drawn in Figure 

3-25. 
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Figure 3-25 Procedure of impedance measurements using IMU  
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Chapter 4. IMPEDANCE-BASED STABILITY ANALYSIS ON 2-

STATCOM SYSTEM 

4.1 Impedance-based analysis on significant factors on 2-STATCOM system 

With the previously developed STATCOM impedance model, the stability issue in the 2-

STATCOM system can be analyzed from the impedance point of view. The 2-STATCOM system 

is drawn again in Figure 4-1, with two impedances defined at STATCOM 1 terminal: Zvsi to be 

the d-q frame impedances of STATCOM 1 and Zgrid to be the impedances of the equivalent 

impedances of everything else in the system, including STATCOM 2, transmission lines and loads. 

The selection of terminal is arbitrary, as division of the system at any terminal should give the 

same stability conclusions when applying generalized Nyquist stability criterion (GNC). However, 

it is better to choose a STATCOM terminal because it will offer the impedances of the converter 

and the rest of the grid, which are more intuitive and easier to understand. 

 

Figure 4-1 The 2-STATCOM system with two impedances defined 

Figure 4-2 shows how the grid impedance at the terminal of STATCOM 1 was formulated. 

The blue curve shows the impedance of STATCOM 2, which is the impedance derived in Chapter 

III. The red lines shows the equivalent impedance of STATCOM 2 in parallel with the load at its 
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bus and it was very similar to the blue curve, the impedance of STATCOM 2. This is because a 

properly sized STATCOM had a much smaller impedance than the load. Then the impedance in 

yellow is the one in red in series with a transmission line, which did not vary much from the red, 

as the line impedances were small because of close physical proximity. The impedance in green is 

the grid impedance seen by STATCOM 1, which equals to the equivalent impedance of the yellow, 

a load and the transmission line connecting to the infinite bus in parallel. Although the grid 

impedance in green was dominant by the impedance of the transmission line connecting to the 

infinite bus, one could still see impacts from the impedance of STATCOM 2, especially around 

10 Hz. This shows that STATCOMs could see each other through the transmission lines due to the 

higher relative magnitude of their impedances with respect to that of the lines. 

 

Figure 4-2 Dynamic propagation from one STATCOM to the other in impedances 
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The transmission lines connecting to the infinite bus had different and strong effects on the 

stability, as mentioned in Chapter II. In the 2-STATCOM system, this specific line determined the 

grid stiffness. The smaller the line impedance, the stiffer the system. One extreme case is that when 

the line impedance is zero, STATCOM 1 will see nothing from STATCOM 2 because now the 

infinite bus clamps the voltage at the PCC of STATCOM 1 and the grid impedance at the terminal 

of STATCOM 1 is zero. Figure 4-3 shows the grid impedances under two cases with typical values 

of the line impedances, where the blue lines show the cases with double the line impedances than 

that of the red. If the specific line decreased in impedance magnitude, the grid impedance observed 

by STATCOM 1 would be smaller and thus there would be fewer interactions from STATCOM 2. 

 

Figure 4-3 Grid impedance at terminal of STATCOM 1 regarding the transmission lines connecting to the 

infinite bus 
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The following sub-sections will give detailed analysis on the previously discussed instability 

issues in the 2-STATCOM system. 

4.1.1 Impacts of ac voltage loop 

The d-q frame impedances measured as defined in the simulation are shown in Figure 4-4. 

Three cases, 1 Hz, 7 Hz and 20 Hz, were considered and measured. The STATCOM 1 impedances 

are in dashed lines and those of the rest of the grid are in solid lines. Looking at the STATCOM 

impedances in solid lines, as analyzed in 3.4.2.1, the increase in the bandwidth of the ac voltage 

loop resulted in the increase of the resonant peak in Zvsi (from blue to red to green), because this 

peak was created by the exact loop. On the other hand, this change also reflected in the equivalent 

grid impedance Zgrid (from blue to red to green) because STATCOM 2 also presented the same 

change and Zgrid was a combination of the impedances of STATCOM 2, loads and transmission 

lines. Of course, the impedances of loads or transmission lines were not too large to mask those of 

STATCOM 2 as in this system, which can be often guaranteed in transmission systems and ensured 

by the fact that STATCOMs are in near proximity. In the end, the impacts on d-q frame impedances 

from the ac voltage loop could be observed in both Zvsi and Zgrid.  
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Figure 4-4 Impacts of ac voltage loop on d-q frame impedances at terminal of STATCOM 1 in simulation 

To analyze small-signal stability, it is necessary to calculate the eigenvalues λ1(s) and λ2(s) of 

the return ratio L(s)=Zgrid(s)Yvsi(s) because the impedance matrices and the return ratio were not 

diagonal-dominant and no direct indications of stability could be obtained. Figure 4-5 shows the 

eigenvalue λ1(s) in three cases and zoomed-in part around (-1+j0) in Nyquist plot. The other 

eigenvalue λ2(s) were too small and away from the critical point and thus not plotted in the figure. 

It is clear that the eigenvalue encircled the critical point counter-clockwise zero times for 1 Hz 

bandwidth and twice for 20 Hz bandwidth while the eigenvalue for 7 Hz just intersected at the 

critical point. Because both Zgrid(s) and Yvsi(s) contained no right half plane (RHP) poles, one can 

deduce that the case with 1 Hz bandwidth was stable and that with 20 Hz bandwidth was unstable 

and the case with 7 Hz bandwidth was marginally stable.  This corresponded to the time-domain 
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simulation results in Section 2.4. Moreover, for the unstable case the eigenvalue intersected the 

negative real axis at the frequency of about 30 Hz, which is the exactly the oscillatory frequency 

in the time-domain simulation. As such, the use of d-q frame impedances predicted not only 

whether the system was stable or not but also the oscillatory frequency.  

 

Figure 4-5 Impacts of ac voltage loop on characteristic loci in simulation 

To pinpoint the reason of possible instability, Figure 4-6 plots the eigenvalues from Figure 4-5 

in Bode plot. When the characteristic loci reach 180 degrees in Bode plot, they cross the negative 

real axis in 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 encirclement of the critical point. With the increased bandwidth of the ac voltage loop, 

a resonant peak showed up and moved to high frequency, as the change in Zgrid. This made the 
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magnitude of the characteristic loci rise in magnitude and eventually encircle the critical point at 

30 Hz, the oscillatory frequency. Sensitivity check of characteristic loci also indicated that Zgrid 

contributed much more than Zvsi. Therefore, one can conclude that the increment of the ac voltage 

loop enlarged the impedance of STATCOM and reflected to the terminal of the other STATCOM 

and finally escalated the possibility that two STATCOMs could interact with each other. This 

clearly showed how the ac voltage loop control influenced the small-signal stability, from the d-q 

frame impedance point of view. 

 

Figure 4-6 Impacts of ac voltage loop on characteristic loci in simulation (Bode plot) 
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4.1.2 Impacts of PLL 

Figure 4-7 shows the measured impedances of Zvsi in dashed lines and Zgrid in solid lines at 

the same terminal with respect to changes in PLL. Three cases, 2.5 Hz in blue, 5 Hz in red and 10 

Hz in green, were measured. The resonant peaks in Zvsi moved to high frequency as the bandwidth 

rose as shown in the analysis in 3.4.2.2. Zgrid showed corresponding move in the resonant peaks 

too for the same reason in the previous subsection. However, the changes were smaller, compared 

to the ac voltage loop case, which was already discussed in 3.4.2.2 that in transmission systems 

the ac voltage loop affected the d-q frame impedances much more than PLL. Due to this, PLL had 

small but nonetheless negligible impacts on small-signal stability and in order to show the impacts 

a marginally stable case was tested in Figure 4-7. 

 

Figure 4-7 Impacts of PLL on d-q frame impedances at terminal of STATCOM 1 in simulation 
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The impedance matrices and return ratio were still not diagonal-dominant and eigenvalues are 

plotted in Figure 4-8. The change in eigenvalues were still very small but still showed some 

impacts on small-signal stability. Why the effect of PLL was masked by that of the ac voltage loop 

was explained in Section 3.4.2.2. 

 

Figure 4-8 Impacts of PLL on characteristic loci in simulation 

4.1.3 Impacts of current loop 

Similar analysis was done with respect to the current loop and impedances were measured at 

the same terminal as plotted in Figure 4-9. Zvsi are in dashed lines and Zgrid are in solid lines under 

three circumstances: 100 Hz in blue, 200 Hz in red and 500 Hz in green. As discussed, the increase 

in the current loop bandwidth resulted in the increase in the magnitude of Zvsi within its bandwidth. 
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However, the change in this frequency range (from several hundreds of Hertz to 1 kHz) in Zvsi had 

relatively smaller influences in Zgrid, because the impedances of STATCOM 2 were not 

significantly greater than those of other components in the grid in that frequency range. Therefore, 

the return ratio with respect to the current loop depended on Zvsi mostly, unlike the occasions with 

respect to the ac voltage loop. 

 

Figure 4-9 Impacts of current loop on d-q frame impedances at terminal of STATCOM 1 in simulation 

The eigenvalues of the return ratio were calculated and plotted in Nyquist plot in Figure 4-10. 

It is clear that in the 100 Hz bandwidth case the characteristic locus encircled the critical point and 

in the 500 Hz bandwidth case it did not. Because there was no RHP pole in either Zgrid(s) or Yvsi(s), 

one can conclude that the 100 Hz bandwidth case was unstable and the 500 Hz bandwidth case 

was stable. Additionally, the 200 Hz bandwidth case was marginally stable because the intersection 
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point was right at the critical point. This d-q frame impedance based stability analysis also 

validated the simulation results shown in Section 2.4. 

 

Figure 4-10 Impacts of current loop on characteristic loci in simulation 

The characteristic loci are plotted in Bode plot in Figure 4-11. When the current loop 

bandwidth increased, the magnitude of Zvsi in high frequency increased and hence the return ratio 

dropped in magnitude as well as eigenvalues. Recall that when the phase reached 180 degrees, the 

characteristic loci intersected with the negative real axis and the magnitude at this particular 

frequency showed where the intersection point was. In Figure 4-11, as the magnitude of 

eigenvalues decreased, it was more possible that the intersection point of the negative real axis 
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moved within the unity circle, thus making the characteristic locus not encircling the critical point 

in Nyquist plot, which means more stable. 

 

Figure 4-11 Impacts of current loop on characteristic loci in simulation (Bode plot) 

4.1.4 Impacts of QV droop 

Lastly, the impacts of STATCOM operation modes: the ac voltage regulation mode (without 

the QV droop) and the QV droop mode were analyzed in this sub-section. The impedances of 

STATCOM 1 and the grid without the QV droop are in blue and those with the QV droop are in 

red, in Figure 4-12. Not only did the QV droop change the operating point, it greatly increased the 

STATCOM impedance magnitude in the dq channel.  
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Figure 4-12 Impacts of QV droop on d-q frame impedances at terminal of STATCOM 1 in simulation 

The corresponding calculated eigenvalues are plotted in Figure 4-13 with the one without the 

QV droop in blue and the one with the QV droop in red. When the STATCOMs were working 

without the QV droop, the system was marginally stable, as in Figure 2-14. This can be inferred 

from the characteristic locus because it crossed the negative real axis just at the critical point (-

1+j0). On the contrary, if the STATCOMs were working under the QV droop mode, the system 

was unstable as the characteristic locus encircled the critical point. 



96 

 

 

Figure 4-13 Impacts of QV droop on characteristic loci in simulation 

From the above analysis based on d-q frame impedances, we can know that in the 2-

STATCOM power system, one STATCOM could see the other one in terms of impedances 

through transmission lines and thus interact in a possibly negative way. This is mainly because the 

line impedances of transmission systems are relatively low with respect to those of STATCOMs.  

The use of d-q frame impedances identified the frequency range of interaction and investigated 

how control loops influenced the stability. AC voltage regulation was the main reason of stability 

and STATCOMs strongly disrupt each other’s operation. The PLL was masked in this system to 
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some extent. Low current loop bandwidth also caused instability because of the decreasing 

impedance magnitude of STATCOMs. 

4.2 Discussions on instability patterns 

4.2.1 Instability due to ac voltage loop and PLL 

In these two scenarios, the change in impedance with respect to ac voltage loop and PLL was 

in the frequency range of the observed oscillations, about 10 to 50 Hz. In this frequency range, the 

STATCOM impedance was much larger than the impedance of other units in the power system. 

As a result, there were significant changes in Zgrid when the control parameters of the further 

STATCOM varied, especially the resonant peak which caused instability. As the bandwidths of 

the ac voltage loop and PLL increased, the resonant peak moved accordingly. Therefore, it would 

be a good remedy to move the peak to low frequencies to stabilize the system. As long as the 

transient responses of the ac voltage loop regulation meet the grid code, a slower ac voltage loop 

bandwidth is preferred to avoid interactions, which is also a practical method in merchandised 

products.  

4.2.2 Instability due to current loop 

Unlike the other two scenarios, the current loop bandwidth showed less influences on Zgrid 

because at higher frequencies the magnitude of the line impedances started to increase due to its 

inductive part. Due to this, small impedance of STATCOM was not preferred because it would 

increase the possibility of interacting with the grid impedance. A high current loop bandwidth 

would enlarge the magnitude of the STATCOM impedance and is thus recommended for small-
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signal stability. Meanwhile, a high current loop bandwidth as high as possible is always preferable 

in order to obtain better control over a larger frequency range. 

4.2.3 Instability channels 

Additionally, the fact that only λ1(s) had the potential to cause instability indicated that the 

discussed instability happened only in d-channel of the given system d-q frame, introduced by the 

ac voltage regulation instead of synchronization [57]. To explain this in detail, two system d-q 

frames with respect to the position of PCC voltage were selected in Figure 4-14, where in the left 

PCCV voltage vector was close to the d-channel of the system d-q frame and in the right it was the 

far away from the d-channel. Again, remember that the selection of the system d-q frame is 

arbitrary and the position of PCCV stayed the same. 

 

Figure 4-14 Different positions of system d-q frame 

Let us first look at the first case where PCCV  is close to the d-channel of the system d-q frame. 

Figure 4-15 shows the STATCOM impedance and the equivalent grid impedance including the 

other STATCOM in an unstable case. Figure 4-16 plots the corresponding characteristic loci. In 

this case, λ1(s) encircled the critical point and λ2(s) was far away from it, which is exactly what we 
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saw in the previous sections. This is because the previously chosen system d-q frame was close to 

PCCV , since the STATCOM 1 was only one line impedance away from gV  in Figure 4-1. 

 

Figure 4-15 Impedances of an unstable case with Vpcc close to Vg 
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Figure 4-16 Characteristic loci of an unstable case with Vpcc close to Vg 

However, if the system d-q frame was chosen to be away from PCCV , for the same control 

parameters and operating point, the impedances were measured again in Figure 4-17. Nothing 

changed here except the selection of the system d-q frame. These impedances can also be obtained 

via the transformation matrix in (3.4). Figure 4-18 shows the corresponding characteristic loci 

under the new system d-q frame. In this case, λ2(s) encircled the critical point instead of λ1(s). This 

difference was just because of the change in the system d-q frame as the reference.  

Therefore, the channel where the instability happened depended on the relative position 

difference between PCCV  and gV , which is essentially the selection of the system d-q frame. The 

instability was always associated with PCCV  instead of its perpendicular direction, and thus was 

actually a problem introduced by the ac voltage regulation instead of synchronization which 

happened at the perpendicular direction of PCCV . That is to say, one cannot simply say that the 
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instability found here always happened at the d-channel. Precisely speaking, the instability 

occurred at the same direction of PCCV  observed for multiple STATCOMs. It is worthwhile to 

point it out because in a more complexed power grid, the phase difference between PCCV  and gV  

may be large and a simple statement about stability at either d- or q-channel is not an accurate 

description. 

 

Figure 4-17 Impedances of an unstable case with Vpcc away from Vg 
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Figure 4-18 Characteristic loci of an unstable case with Vpcc away from Vg 

4.3 Effects of alternative controls 

4.3.1 Proportional controller for inner current loop 

As discussed in Section 3.4, the inner current loop tries to regulate the converter to behave as 

a current source that has ideally infinite magnitude of impedance at low frequencies, which is 

actually fulfilled by the integrator in the current controller. If we remove the integrator, there will 

be no large impedance at the frequency of the ac voltage loop bandwidth and the resonant peak 

will be greatly damped. Figure 4-19 shows the impedances of STATCOM with a proportional 

control in the current loop plotted in blue, in comparison with the PI control plotted in red. As 

predicted, the resonant peak almost disappeared and left the sections in low and high frequencies 

stay the same. 
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Figure 4-19 STATCOM impedance with P and PI controllers for current loop 

Figure 4-20 shows that with the bandwidths of all control loops in the legend, the proportional 

controller for the current loop helped to stabilize the system as expected.  

 

Figure 4-20 Simulation waveforms with PI and P controllers for current loop 

However, without the integrator in the current controller, we lost a lot of regulation capability 

of currents within the current loop bandwidth, as the closed-loop loop gains of current loop were 
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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 
ref

i  to i , such that the controlled 

current could resist perturbations and track the corresponding references accurately. Without the 

integrator, the only regulation of currents falls 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. 

4.3.2 Alternative controllers for ac voltage loop 

Another way to tune the STATCOM impedance is to change the ac voltage loop controller. 

Because a sharp resonant peak 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.  

Figure 4-21 shows open loop gains for the ac voltage loop, 
ef

d

r

dv v , with different 

compensators tuned at the same bandwidth. The PI controller could achieve an 86-degree phase 

margin, which was used for evaluation previously, as plotted in red 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-degree phase margin, drawn in yellow 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 degree, depicted in blue and marked as “PM 40”. With no additional zero before the 

bandwidth, the most phase margin was only a little bit less than 90 degree. The lower the frequency 

of the additional zero before the bandwidth, the more phase margin for the open-loop gain. As a 

result, STATCOM impedance was changed accordingly shown in Figure 4-22, showing in blue, 
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red and yellow as 40-, 86- and 135-degree phase margins. The larger the phase margin, the more 

damping for the resonant peak, indicating smaller possibility to interact with the other STATCOMs.  

 

Figure 4-21 AC voltage open loop gains with different controllers 
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Figure 4-22 STATCOM impedance with different controllers for ac voltage loop 

Figure 4-23 shows the time-domain simulation waveforms with different controllers. With 

increasing phase margin, the system tended to be more stable. However, note that although the 

additional zero before the bandwidth increased the phase margin, it also slowed down the settling 

time because the transient responses were mainly dependent on the zero with the lowest frequency.  

 

Figure 4-23 Simulation waveforms with different controllers for ac voltage loop 
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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 can be seen in Figure 4-24 and Figure 4-25, where the ac voltage loop bandwidth was 

further increased and the system fell in to instability again, shown in red compared to stable cases 

in blue, using either the proportional current control or the ac voltage controller with increased 

phase margin. 

 

Figure 4-24 Instability with increased AC voltage loop bandwidth, using proportional current controller 

 

Figure 4-25 Instability with increased AC voltage loop bandwidth, using alternative ac voltage controller 
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4.4 Experimental verification of impedance-based stability analysis  

To verify the analysis above, impedances were measured at the terminal of STATCOM 1 in 

the constructed scaled-down 2-STATCOM system as shown in Figure 2-18 using the impedance 

measurement unit (IMU) in Figure 3-19. 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 steady state. For stable cases, the measurements were done only once to achieve 

both the impedances Zvsi and Zgrid. For unstable cases, the process was different because it took 

ten to thirty minutes for the IMU to finish the measurements but oscillations would trigger over-

current protection in seconds. In order to tackle this, the measurements were done twice to obtain 

the impedances on both sides individually. For example, to measure Zvsi, the parameters of 

STATCOM 1 were set to be in the unstable case while the parameters of STATCOM 2 were tuned 

so that it could work stably with STATCOM 1. Because only control parameters were changed, 

the steady-state operating point stayed the same as long as the same references were given. In this 

way, STATCOM 1 was working in the same situation as the previous unstable case with every 

small-signal behavior preserved for the IMU to catch for in the meantime the system was running 

without any oscillations. Since the parameters of STATCOM 2 were searched to ensure stable 

operation, Zgrid was not correct when measuring Zvsi, which required the second test. Therefore, 

for the second measurements, the parameters of STATCOM 2 were set to be in the unstable case 

and those of STATCOM 1 were found to make the system stable. As such, Zgrid was measured 

and the two impedances were ready for further analysis.  
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4.4.1 Impacts of ac voltage loop 

Using the methods mentioned before, the impedances of both sides under two different ac 

voltage loop bandwidth cases (7 Hz and 12 Hz) in the evaluation in Section 2.5 were measured 

and shown in Figure 4-26. 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 

Zvsi and Zgrid moved to high frequency.  

 

Figure 4-26 Impacts of ac voltage loop on d-q frame impedances at terminal of STATCOM 1 in experiment 

The eigenvalues in both cases were computed and plotted in Figure 4-27. λ2(s) was always far 

away from the critical point while λ1(s) encircled it when the ac voltage loop was 12 Hz. Because 

there was no RHP pole in either Zgrid(s) or Yvsi(s), the system was unstable for the 12 Hz case. 
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When λ1(s) encircled the critical point, it intersected with the negative real axis at the frequency of 

about 43 Hz. This oscillatory frequency was in d-q frame and can be translated to a 103-Hz 

oscillation in abc frame. Recall the experimental results in Section 2.5, 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. 

 

Figure 4-27 Impacts of ac voltage loop on characteristic loci in experiment 

4.4.2 Impacts of PLL 

The impedances of Zvsi and Zgrid were measured in the same way with respect to PLL. Two 

cases, 5 Hz and 10 Hz, were evaluated. Also as discussed, the resonant peak moved with the 

increase of the bandwidth of PLL, which can be seen in Figure 4-28.  



111 

 

 

Figure 4-28 Impacts of PLL on d-q frame impedances at terminal of STATCOM 1 in experiment 

Figure 4-29 shows the eigenvalues in the two cases. Still, λ1(s) was potential to encircle the 

critical point when the PLL bandwidth was low as 5 Hz, while λ2(s) was far way. Because there 

was no RHP pole in either Zgrid(s) or Yvsi(s), the system was unstable for the 5 Hz case. The 

intersection point with the negative real axis was at the frequency of about 42 Hz, corresponding 

to a 102-Hz oscillation in abc frame. As in the experimental results in Section 2.5, the system was 

unstable when the PLL was 5 Hz and the oscillatory frequency was 102 Hz, evincing that the 

impedance-based stability criterion worked. 
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Figure 4-29 Impacts of PLL on characteristic loci in experiment 

4.4.3 Impacts of current loop 

Figure 4-30 depicts the impedances of Zvsi and Zgrid with respect to changes in current loop 

bandwidth. The impedance of STATCOM grew in magnitude as the bandwidth increased.  



113 

 

 

Figure 4-30 Impacts of current loop on d-q frame impedances at terminal of STATCOM 1 in experiment 

Figure 4-31 shows the eigenvalues in two cases. λ2(s) was also far away from the critical point 

while λ1(s) encircled it when the current loop was 150 Hz and hence the system was unstable for 

the 150 Hz case. The intersection point of λ1(s) and the negative real axis was at the frequency of 

about 31 Hz. This oscillatory frequency was in d-q frame and can be translated to a 92-Hz 

oscillation in abc frame. This corresponded to the experimental results too.  
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Figure 4-31 Impacts of current loop on characteristic loci in experiment 

4.4.4 Impacts of QV droop 

Figure 4-32 shows the impedances of STATCOM 1 and the grid, with and without the QV 

droop. When the QV droop was activated, the impedance element in dq channel increased 

significantly in magnitude in the low frequency below 10 Hz, just as in Figure 3-22. However, it 

did not change the grid impedance much, because in the low frequency the grid impedance was 

relatively larger and thus dominant. 
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Figure 4-32 Impacts of QV droop on d-q frame impedances at terminal of STATCOM 1 in experiment 

The corresponding eigenvalues are plotted in Figure 4-33. The case with the QV droop had 

λ1(s) encircling the critical point, indicating instability, which matched the experimental results in 

Figure 2-27. Additionally, the intersection point was at about 41 Hz and it was close to the unity 

circle, which indicated 19 and 101 Hz oscillation modes in the abc frame with a little damping. 
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Figure 4-33 Impacts of QV droop on characteristic loci in experiment 

4.5 Experimental verification of the alternative controls 

To verify the alternative controls in Section 4.3, corresponding experiments were conducted 

with different types of controllers -- proportional current control and alternative ac voltage control 

in this chapter. One specific unstable case, where the ac voltage loop bandwidth was at 12 Hz, the 

PLL bandwidth was at 5 Hz and the current loop bandwidth was at 200 Hz in Section 2.5 and 4.4, 

was selected, to show that the proposed solutions could solve the instability issue. 

4.5.1 Proportional current control 

By simply removing the integral term in the current compensator and retuning the proportional 

term, the same bandwidth of current loop could be achieved. Figure 4-34 shows the improved 

stability condition by proportional current control as opposed to the previously unstable system in 
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Figure 2-20, where both cases have the same bandwidths for all control loops. Yet, a large current 

spike appeared when STATCOM 1 was connected and started to compensate.  

 

Figure 4-34 Stability improvements by proportional current control in experiment 

Figure 4-35 depicts the STATCOM impedances with proportional and PI current control 

respectively and corresponding characteristic loci are shown in Figure 4-36. It can be observed 

that the characteristic locus did not encircle the critical point (-1+j0) under proportional current 

control. As neither the grid impedance nor the STATCOM admittance had RHP poles, the 

characteristic locus under proportional current control indicated that the system was stable. 

Therefore, it was verified experimentally that proportional current control helped the stability 

conditions. 
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Figure 4-35 STATCOM impedance with P and PI control for current loop in experiment 
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Figure 4-36 Characteristic loci λ1 with P and PI control for current loop in experiment 

However, when the ac voltage loop bandwidth was further pushed to 30 Hz, the system would 

be unstable again, plotted in Figure 4-37 where the current oscillated and triggered the over-current 

protection. 
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Figure 4-37 Instability with increased ac voltage loop bandwidth using proportional current control 

4.5.2 Alternative ac voltage control 

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 to 

the previously used PI compensator, the phase margin was increased from almost 90 degree to 140 

degree. Using a type-II compensator helped the system stability, as shown in Figure 4-38, while 

the system was unstable with the PI compensator for the ac voltage loop in Figure 2-20. Although 

the system was stable with the type-II compensator, the settling time increased too compared to 

Figure 2-20. This was because the zero before its bandwidth determined the time constant the most 

and it was at about 3 Hertz, which indicated about a setting time of a second. 
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Figure 4-38 Stability improvements by alternative ac voltage control in experiment 

Figure 4-39 depicts the STATCOM impedances with type-II and PI control for the ac voltage 

loop respectively and corresponding characteristic loci are shown in Figure 4-40. It can be 

observed that the characteristic locus did not encircle the critical point (-1+j0) under the type-II ac 

voltage loop control. Similarly, neither the grid impedance nor the STATCOM admittance had 

RHP poles, the characteristic locus with type-II ac voltage control showed that the system was 

stable. 
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Figure 4-39 STATCOM impedance with different ac voltage loop control in experiment 
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Figure 4-40 Characteristic loci λ1 with different ac voltage loop control in experiment 

Nonetheless, as the ac voltage loop bandwidth was further pushed to 20 Hz, the system became 

unstable again, as shown in Figure 4-41 where the current oscillated and triggered the over-current 

protection. 
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Figure 4-41 Instability with increased ac voltage loop bandwidth using alternative ac voltage control 

4.6 Conclusions 

In this chapter, potential instability in power systems with multiple STATCOMs in proximity 

was found due to STATCOM control: ac voltage loop, PLL and QV droop. D-Q 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. As such, STATCOM control could lead to the instability of power systems because of 

limited information flow between vendors. 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 
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STATCOM control and masked the effects of PLL in transmission systems. This kind of instability 

adds new knowledge to three-phase ac systems besides constant power load dynamics and 

synchronization, with presence of STATCOMs. Although STATCOMs synchronize with the 

power grid, the instability is nonetheless due to ac voltage regulation. Third, alternative controllers 

were proposed to mitigate stability problems and trade-offs were discussed. Lastly, the scaled-

down 2-STATCOM power grid shown in Chapter II was used to verify the conclusions 

experimentally.   
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Chapter 5. IMPEDANCE-BASED STABILITY ANALYSIS ON THE 

FULL SYSTEM 

5.1 Recall from evaluations in the full system 

In Chapter VI, the potential instability was revealed using impedance-based stability analysis 

for the simplified 2-STATCOM system. This chapter will try to expand the conclusions to the full 

meshed system with four STATCOMs and explore new issues introduced in the full system. 

 

Figure 5-1 IEEE 14-bus system with four STATCOMs 

The IEEE 14-bus system with four STATCOMs is redrawn in Figure 5-1 for convenience with 

simulation waveforms showing potential instability due to STATCOM control. All the four 

STATCOMs were equipped with the same control and parameters, and their operating points were 

close with the same voltage and similar reactive power outputs. The four STATCOMs were 

connected online successively at the moments of 1, 3, 5 and 7 second in the marked order. The 



127 

 

effects of ac voltage loop, PLL, current loop and QV droop were assessed respectively, with the 

d-channel voltage at the terminal of STATCOM 1 shown as an indicator of stability, as the same 

in Chapter II.  For each control loop, the system was evaluated with only two different control 

bandwidths selected from the evaluation in Chapter II Section 3, one stable and another unstable, 

for simplicity. In the following figures, stable cases are plotted in blue and unstable cases are in 

orange. 

Figure 5-2 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 unstable when the fourth connected at the oscillatory frequency of about 

10 Hz. With increasing ac voltage loop bandwidth, the system tended to be more unstable. 

Actually, the connection sequence of STATCOMs did not matter in terms of stability, no matter 

which STATCOM was connected first or last, and this is true for all the evaluation. 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 the following section. 

 

Figure 5-2 Potential instability due to ac voltage loop 

The effects of PLL bandwidth are shown in Figure 5-3. The differences in waveform dynamics 

were smaller compared to the case of ac voltage loop but it still had effects on stability. Still, the 
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QV droop was not running at this time. When PLL bandwidth was low at 5 Hz in orange, the 

system was unstable; when the PLL bandwidth was increased to 10 Hz shown in blue, the system 

became damped and stable. A higher PLL bandwidth tended to stabilize the system.  

 

Figure 5-3 Potential instability due to PLL 

Figure 5-4 shows how the current loop affected the instability. With a lower current loop 

bandwidth at 200 Hz in orange, the system oscillated when the fourth STATCOM was connected. 

If the bandwidth increased to 500 Hz, the system was stable as shown in blue. 

 

Figure 5-4 Potential instability due to current loop 

Figure 5-5 presents how the QV droop influenced the system stability. The ac voltage loop 

bandwidth was tuned to 14 Hz to make the system stable with 4 STATCOMs running without QV 

droop activated and the waveform is plotted in blue. The waveform in orange shows the case with 

QV droop. Clearly, the PCC voltage was smaller in magnitude, thanks to QV droop which allowed 

the voltage to be within a certain range instead of a fixed value in order to lessen the output reactive 
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power burden. However, with QV droop when the fourth STATCOM was connected, the systems 

was unstable. 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 QV droop. Thus, deactivation of QV droop or a small droop coefficient 

was preferred in terms of stability.  

 

Figure 5-5 Potential instability due to QV droop 

5.2 Extension of previous conclusions to the full system  

In order to analyze the previously found instability phenomena, d-q frame impedance was used 

in this section in the same manner of Chapter VI. Separated at the PCC of STATCOM 1, 

impedances from both sides, named as Zvsi(s) for STATCOM impedance and Zgrid(s) for the rest 

of the grid including the other three STATCOMs, were measured in Simulink at the moment of 7 

second when the fourth STATCOM were just connected.  

5.2.1 Effects of ac voltage loop 

Figure 5-6 shows the impedances of STATCOM 1 Zvsi(s) and the rest of the grid Zgrid(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 Zvsi(s) and relatively larger in the frequency range of several 

Hertz than the impedances of the rest of the grid Zgrid(s) in dashed lines. Note that there is a 
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resonant peak in the STATCOM impedance at about 10 Hz and this is created by the ac voltage 

loop as we have observed in the previous chapter. With the bandwidths increasing, the resonant 

peak as a result of the ac voltage loop moved to the high frequency in Zvsi(s) and the same change 

happened in the impedance of the second STATCOM due to the identical control for the other 

three STATCOMs. The grid side impedance Zgrid(s) hence changed with the similarly moving 

resonant peak as well, because the impedance change of the other STATCOMs were reflected 

through transmission lines which were relatively small in impedance magnitude due to close 

physical distance. As such, in the full meshed power system with four STATCOMs, Zgrid(s) 

included the dynamic behaviors of the other STATCOMs 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, similarly to the 2-STATCOM system in Chapter IV. 

 

Figure 5-6 Impedances at STATCOM 1 terminal with respect to ac voltage loop - solid: Zvsi; dashed: Zgrid 
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The eigenvalues λ1(s) and λ2(s) of the return ratio L(s)= Zgrid(s)Zvsi(s)-1 to plot the 

characteristic loci in the Nyquist plot in Figure 5-7 and an arrow indicates λ1(s) with the increase 

of the ac voltage loop bandwidth. One of the loci, λ1(s) was relatively large in magnitude, 

intersecting the negative real axis and the unity circle while th other one, λ2(s) was far away from 

the critical point (-1+j0). Neither of the impedance Zgrid(s) and admittance Yvsi(s) contained right 

half plane (RHP) poles because the STATCOMs were unable to run only with all the four online. 

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 shown 

above in Section 5.1. To this end, impedances measured at the terminal of STATCOM 1 have 

predicted the system stability.  

 

Figure 5-7 Characteristic loci at STATCOM 1 terminal with respect to ac voltage loop: solid - λ1; dashed - λ2 
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In order to check whether the previous conclusions about the reason of possible instability in 

Chapter IV still hold, Figure 5-8 plots the eigenvalues λ1(s) from Figure 5-7 in Bode plot. Still, 

with the increased bandwidth of the ac voltage loop, a resonant peak in the eigenvalues λ1(s) 

showed up, because of the change in the impedance of both Zvsi(s) and Zgrid(s). This made the 

magnitude of the characteristic loci rise in magnitude and eventually above 0 dB. Therefore, for 

the highest ac voltage loop bandwidth at 16 Hz, 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 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-q frame impedance point of view. 
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Figure 5-8 Characteristic loci λ1 at STATCOM 1 terminal with respect to ac voltage loop in Bode pot 

5.2.2 Effects of PLL 

The effects of PLL on impedances are plotted in Figure 5-9 with increasing bandwidth from 5 

Hz to 10 Hz. Similarly, the solid lines are the impedances of STATCOM 1 Zvsi(s) and relatively 

larger in the frequency range of several Hertz than the impedances of the rest of the grid Zgrid(s) 

in dashed lines. Still, the increase in bandwidth resulted in the resonant peak moving to high 

frequency in both Zvsi(s) and Zgrid(s) for the same reason as in the previous sub-section. However 

compared to 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. Again, we see the 

previous conclusions that the origin of this instability was mostly ac voltage regulation instead of 

synchronization, is still valid in the full system. It is because the masking effects happen in the 

transmission power grids and for the full system, the assumptions are satisfied too. 
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Figure 5-9 Impedances at STATCOM 1 terminal with respect to PLL - solid: Zvsi; dashed: Zgrid 

The characteristic loci are drawn in Figure 5-10 from the impedances in Figure 5-9. λ2(s) was 

in dashed lines and far away from the critical point and λ1(s) was potential to encircle. The arrow 

indicates that when the bandwidth of PLL increased, the system was inclined to be stable, as the 

characteristic loci approached to the unity circle from the outside and didn’t encircle the critical 

point in the end with no RHP poles in either Zgrid(s) or Yvsi(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 5.1. 
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Figure 5-10 Characteristic loci at STATCOM 1 terminal with respect to PLL: solid - λ1; dashed - λ2 

Again, the first eigenvalue λ1(s) is plotted in Bode plot in Figure 5-11. The increase in the 

bandwidth of PLL did not cause a rise of resonance but moved the peak to high frequency. 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 0 dB at the intersection 

frequency, the locus did not encircle the critical point, indicating a stable operation.  
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Figure 5-11 Characteristic loci λ1 at STATCOM 1 terminal with respect to PLL in Bode pot 

5.2.3 Effects of current loop 

The effects of the current loop are shown in Figure 5-12 with increasing bandwidths from 200 

to 500 Hz. Still, the impedance of STATCOM 1 Zvsi(s) are in solid lines and relatively larger while 

the impedances of the rest of the grid Zgrid(s) are in dashed lines. When the current loop bandwidth 

increased, the impedance of STATCOM 1 was magnified in the frequency range from 10 to 1000 

Hz where the resonant peak slightly diminished. On the other hand, the grid impedance Zgrid(s) 

showed less magnitude around 10 Hz because of the reduced resonant peak.  
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Figure 5-12 Impedances at STATCOM 1 terminal with respect to current loop - solid: Zvsi; dashed: Zgrid 

The eigenvalues of the return ratio are plotted in Figure 5-13. λ2(s) was in dashed lines and far 

away from the critical point and λ1(s) was potential to encircle, with the arrow showing the increase 

of the bandwidth of current loop. The system tended to be stable with higher current loop 

bandwidth, since the characteristic loci moved into the unity circle from the outside and didn’t 

encircle the critical point in the end with no RHP poles in either Zgrid(s) or Yvsi(s).  
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Figure 5-13 Characteristic loci at STATCOM 1 terminal with respect to current loop: solid - λ1; dashed - λ2 

Figure 5-14 shows λ1(s) in Bode plot and the arrow shows the increase of the current loop 

bandwidth. Clearly, with the increase of the current loop bandwidth, the magnitude of λ1(s) 

dropped a lot because of the increase of STATCOM impedance magnitude. This trend actually 

pushed the characteristic locus into the unity circle and formed a more stable system. 
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Figure 5-14 Characteristic loci λ1 at STATCOM 1 terminal with respect to current loop in Bode pot 

5.2.4 Effects of QV droop 

As for QV droop, the impedances of STATCOM 1 and the rest of the grid were measured in 

Figure 5-15, where the solid lines are STATCOM impedance Zvsi(s) and the dashed lines are 

Zgrid(s). The case with QV droop in red lines had one significant difference compared to the case 

without QV droop in blue lines: the STATCOM impedance in dq-channel was much larger at low 

frequencies. This is because the reactive power is mainly dependent on q-channel current and the 

d-channel PCC voltage is the controlled variable of the QV droop. By activating the droop, q-

channel current has equivalently more influence on the d-channel PCC voltage, which indicates 

larger impedance in the dq-channel. Intrinsically, QV droop brought about more interactions 

among STATCOM units in steady state by the means of adding one feedback loop to the ac voltage 
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loop. The addition not only changed the operating points but the dynamics of the ac voltage loop 

as well.  

 

Figure 5-15 Impedances at STATCOM 1 terminal with respect to QV droop - solid: Zvsi; dashed: Zgrid 

The characteristic loci are drawn in Figure 5-16 calculated from the impedances in Figure 5-15. 

The case with QV droop is plotted in red and the case without QV droop is depicted in blue. 

Similarly, λ2(s) in dashed lines were far way from the critical point and λ1(s) in solid lines were 

close. Because of the addition feedback loop from the QV droop, characteristic locus λ1(s) with 

QV droop encircled the critical point and indicated instability, which mathces the simulation 

results in the previous section. 
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Figure 5-16 Characteristic loci at STATCOM 1 terminal with respect to QV droop: solid - λ1; dashed - λ2 

5.3 New issues introduced in the full system 

5.3.1 System topology and STATCOM locations 

Extending from the simplified 2-STATCOM system to the meshed power system, one could 

first wonder what effects are from relative locations or distances between STATCOMs, or simply 

put, power system topology. To explore this from impedance point of view, we can arbitrarily 

select the terminal of one STATCOM and investigate how the grid impedance is like with respect 

to any changes in the power system. The reason is that at this terminal if the operating point of this 

specific STATCOM is kept the same, the stability is solely dependent on the grid impedance that 

reflects any dynamic behaviors from others.  
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Different locations of STATCOMs showed negligible effects on impedances, and therefore 

trivial influences on stability. Figure 5-17 depicts the grid impedance Zgrid(s) at the terminal of 

STATCOM 1 with no other STATCOMs, STATCOM 2, STATCOM 3 and STATCOM 4 

connected respectively, Zgrid1(s) in blue solid lines, Zgrid1_2(s) in red dashed lines, Zgrid1_3(s) in 

yellow dashed lines and Zgrid1_4(s) in purple dashed lines. Zgrid1(s) shows simply the equivalent 

impedance of the grid network and loads while the other three contained impedances from other 

STATCOMs respectively. Clearly, the grid impedance increased in magnitude with other 

STATCOMs were connected. However, no matter which STATCOM 2, 3 or 4 was connected, the 

grid impedances Zgrid1_2(s), Zgrid1_3(s) and Zgrid1_4(s) were almost identical with less than 1 dB 

differences around the oscillatory frequency of 10 Hz.  

 

Figure 5-17 Grid impedance with different STATCOMs 

This is because at the oscillatory frequency the STATCOM impedance had much larger 

magnitude (40-50 dB) than the equivalent impedances of the longest transmission line path (less 
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than 1 dB). Thus, 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. It leads 

to the conclusions that the locations of STATOMs did not matter much in the found instability 

with oscillatory frequency at about 10 Hz. Actually, the magnitude of STATCOM impedance is 

much larger than that of transmission lines until 100 Hz, for a transmission grid with typical 

parameters. Therefore, the conclusion that the locations of STATCOMs did not matter much would 

hold for oscillatory modes up to at least 100 Hz. This conclusion also provides answers to the 

simulation results in Section 2.3 that the system parameters were negligible in terms of stability. 

With the above conclusion, we can further infer that the combination of STATCOMs did not 

influence the stability for a given connected number, because STATCOM 1 could hardly tell which 

other STATCOM were connected. This answers why the connection sequence of STATCOMs did 

not matter in terms of stability in simulation in Section 2.3. 

5.3.2 Number of connected STATCOMs 

One more step leads to the second conclusion that the found stability highly depended on the 

number of connected STATCOMs because which STATCOM was connected did not matter much. 

This is shown in Figure 5-18 where the grid impedance at the terminal of STATCOM 1 with one, 

two and three STATCOMs are plotted in blue, red and yellow respectively. The arrow indicates 

the increase of 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. As 

discussed previously, the rising magnitude of this resonant peak tended to cause instability. 

Moreover, the increase introduced by an additional STATCOM was dominant. Thus, the more 

STATCOM connected, the more unstable the system was.  
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Figure 5-18 Grid impedance with different numbers of STATCOMs 

5.4 Alternative controls 

The two alternative controls proposed in Section 4.3 were applied to the full system. Figure 

5-19 depicts that by removing the integrator in the current controller, the system became stable. 

Again, it is worthwhile to mention that proportional controller for current loop is not recommended, 

because the current regulation performance is worse than PI controller, especially resistance to low 

frequency perturbations from the power grid. 
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Figure 5-19 Instability mitigation by proportional current controller 

Figure 5-20 shows that increasing the phase margin of the ac voltage loop helped stabilize the 

system. However, the transient responses were slowed down as a result of additional zero before 

the crossover frequency. In this case, the response time was nearly one second, much longer than 

typical requirements from the grid side. Therefore, the trade-off between stability margin and 

settling time must be taken into consideration in design. 

 

Figure 5-20 Instability mitigation by alternative ac voltage controller with larger phase margin 

5.5 Conclusions 

In this chapter, the previous conclusions about instability in Chapter IV were extended to the 

full system with four STATCOMs and they were found to be valid. Besides, new issues regarding 
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the positions of STATCOMs and topology of the system were discussed with respect to previously 

found instability, where these two factors turned out to be negligible, because the crucial reason 

of instability was STATCOM control that showed much higher impacts than grid parameters.  
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Chapter 6. CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

STATCOMs have been adopted into power systems for decades to enhance power system 

operations by means of reactive power compensation. There is now a trend to use multiple 

STATCOMs in proximity to further improve the benefits, especially better voltage profiles and 

better operation burden share among STATCOMs for an economic purpose. However, the impacts 

of multiple STATCOMs close to each other have been little studied, specifically in terms of small-

signal stability.  

This research first studied how a power system with multiple STATCOMs works and what 

factors influence the small-signal stability. It turned out that control of STATCOMs had the most 

impacts, while the parameters of the power system did not show significant effects. Among the 

control of STATCOMs, a higher current bandwidth, a higher PLL bandwidth and a slower ac 

voltage loop bandwidth helped improve the stability conditions respectively. Besides the full 

system with four STATCOMs, the same conclusions were also drawn in a simplified 2-

STATCOM system, which was used to simplify analysis as a starting point. The conclusions were 

experimentally verified in a scaled-down 2-STATCOM system in the end of Chapter II.  

In order to analyze the aforementioned stability issues, impedance-based stability method was 

used because of its advantages over the traditional state-space modeling method, especially easier 

assessment and less a priori knowledge required. To begin with, a D-Q frame impedance model 

for STATCOMs including all control loops were proposed and derived. From the impedance 

model, one can see that the STATCOM impedance was highly non-diagonal and changed its 

polarity in low frequencies with inverse directions of reactive power flow. The first feature makes 
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the stability assessment directly from the d-q frame impedances is very difficult—as opposed to 

unity power factor rectifiers and inverters, for which a multivariable stability theorem using the 

return-ratio matrix, product of the upstream and downstream impedances at a given ac interface 

must be used; for instance, the GNC. The second feature shows that STATCOMs could behave 

both as a CPL rectifier and as a grid-tied inverter injecting power into the grid, from a dynamic 

standpoint, featuring a negative incremental input-impedance in its Zdd or Zqq impedance elements 

respectively. Furthermore, the ac voltage loop of the STATCOM was found to be the strongest 

contributor to its terminal impedance and in consequence to its small-signal stability conditions. 

This loop was shown to effectively mask the PLL dynamics, especially for system parameters 

proper of transmission grids, previously shown to be critical in grid-tied power converters. The 

impedance model was validated using an impedance measurement unit (IMU) and showed good 

correspondence. 

With the impedance model ready, the stability issues were studied in the simplified 2-

STATCOM system and the full system as well. 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. As such, 

STATCOM control could lead to the instability of power systems because of limited information 

flow between vendors, which explained why the previously found instability happened and why 

the system parameters had negligible impacts. 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, which was 

anticipated from the conclusions in the impedance model part. Third, due to the large impedance 

of STATCOMs around the frequency range of interactions, the number of connected STATCOMs 
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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 and topology of the power systems showed 

negligible influences. Fourth, alternative controllers were assessed to mitigate stability problems 

and trade-offs were discussed. Lastly, the scaled-down 2-STATCOM power grid was used to 

verify the conclusions experimentally. 

6.2 Future work 

This research mainly focused on evaluation of power system operation with multiple 

STATCOMs in proximity and analysis from an impedance point of view. Remedies to these 

instability issues were proposed and could be studied further to improve. Specifically, recent 

researches on virtual synchronous machine (VSM) control for grid-tied converters presented a lot 

of progress, and whether the VSM control can help improve the discovered instability is still open 

to successors. 

Another possible direction is to explore the operation of STATCOMs in the sense of large-

signal stability, which are essentially faults and large load steps. It is a crucial piece of assessments 

for power system operators in order to have a practical sense of how they work and it is even more 

difficult to tackle. Methods based on linear system theory, the traditional state-space modeling and 

impedance-based method, would fail in this scenario. Tools based on non-linear system theory are 

either too complicated to implement in industrial applications, e.g. Lyapunov- or energy-based 

methods or very time-consuming and not economic-effective, for example real-time simulation. 

There are many challenges in this field.  
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Finally, it is interesting to see the extension of conclusions to power systems with other types 

of grid-tied converters, PV farms or HVDC ends for example, where active power is also involved. 

There are probably different instability patterns and it is meaningful to explore the unknown.  
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