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Abstract 

Induction motors are globally used in several critical operations such as petrochemicals, 

mining, process control, etc., where their shutdown during faults causes significant financial 

loss. System faults can also lead to Fault Induced Delayed Voltage Recovery (FIDVR) causing 

service disruptions. Dynamic reactive power compensators such as SVC and STATCOM are 

conventionally employed to mitigate these issues, however, these are very expensive. 

PV solar plants are growing at unprecedented rate globally and are likely to be installed 

near such critical motors. This thesis presents several novel applications of a patented 

technology of utilizing PV solar plants, both during night and day, as STATCOM, termed PV-

STATCOM, for mitigating above issues at about 50 times lower cost than equivalent-size 

STATCOMs.  

 A reactive power modulation based PV-STATCOM control is developed to stabilize 

remotely located motor both during night and day in a realistic distribution feeder, even when 

reactive power support according to the pioneering German Grid code fails. This control was 

field demonstrated for first time in Canada (and perhaps in world) on the 10 kW PV solar 

system in the utility network of Bluewater Power, Sarnia, Ontario. 

Another novel control strategy based on active and reactive power modulation of PV-

STATCOM is developed. MATLAB/PSCAD simulation studies show that the proposed 

control can stabilize remotely located motor much faster and with reduced real power 

curtailment than conventional strategies.  

A new real and reactive power control of PV-STATCOM is proposed to alleviate 

FIDVR. Electromagnetic Transients simulation studies on a realistic transmission network 

show that the proposed control on a 100 km remote solar farm can alleviate FIDVR and 

stabilize a cluster of motors for wide range of system parameters and operating conditions. PV-

STATCOM can alleviate the need of local STATCOM for achieving the same objective. 

Comprehensive sensitivity and stability analysis of single and two distribution level PV-

STATCOMs are performed with: i) equivalent and detailed PV-STATCOM model, and ii) PV-
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STATCOM control implemented at plant level and inverter level. The impact of modeling 

details, controller location and system parameters on controller interaction, are investigated. 

Keywords 

Flexible AC Transmission System (FACTS), Photovoltaic (PV) solar systems, Distributed 

Generators, Smart Inverter, Voltage Stability, Voltage Control, Dynamic Reactive power 

Control, Active power control, Induction Motor, Fault Induced Delayed Voltage Recovery 

(FIDVR), Distributed Energy Resource (DER). 
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Summary for Lay Audience 

 
This thesis deals with stability of induction motor (IMs), which constitute 80% of 

industrial and commercial motors as they are reliable, rugged and economical. Induction 

motors are highly sensitive to under-voltages. A large disturbance such as fault can lead to 

shutdown of IMs. This thesis addresses two issues associated with the shutdown of induction 

motors. The first issue is shutdown of critical induction motors. Induction motors are widely 

used in critical industries such as petrochemicals, mining, automotive, medicines, etc. 

Shutdown of these critical induction motors, even temporarily, can cause significant financial 

loss to the industries.  For instance, shutdown of a critical motor for one-hour can cause $1 

Million loss in a petrochemical industry in Ontario, Canada. The second problem is delayed 

voltage recovery after a fault due to stalling of large clusters of air-conditioning motors. This 

prolonged low voltage can lead to service disruption and reduced reliability of power system. 

Dynamic reactive power compensators, such as SVC and STATCOM, are conventionally 

employed to mitigate these issues but, these are very expensive. This provides motivation to 

find cheaper and alternative solutions.   

One such alternative solution is use of new controls of PV solar plants. Due to the 

widespread growth of solar plants, they are quite likely to be installed near such critical motors. 

Application of existing voltage control strategies of PV solar plants are examined. It is 

observed that they are not sufficient to address above problems. Novel patented technology of 

utilizing PV solar plants, both during night and day, as STATCOM, termed PV-STATCOM is 

a promising technology to provide voltage support in a similar manner as conventional 

solutions.  In this thesis, control strategies are developed for the application of PV-STATCOM 

for solving the above two issues. 

The PV-STATCOM can address the above problems at a 50 times lower cost than 

conventional SVC/STATCOM solutions. This technology thus brings significant savings for 

utilities by reducing the need for expensive STATCOMs or SVCs, and opens new revenue 

making opportunities for solar plants for providing the above critical service. 
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Chapter 1  

 

1 Introduction 
This thesis deals with stability of induction motor (IMs), which constitute 80% of 

industrial and commercial motors as they are reliable, rugged and economical. Induction 

motors are highly sensitive to under-voltages. A large disturbance such as fault can lead to 

shutdown of IMs. This thesis addresses two issues associated with the shutdown of 

induction motors. The first issue is shutdown of critical induction motors. Induction motors 

are widely used in critical industries such as petrochemicals, mining, automotive, 

medicines, etc. Shutdown of these critical induction motors, even temporarily, can cause 

significant financial loss to the industries.  For instance, shutdown of a critical motor for 

one-hour can cause $1 Million loss in a petrochemical industry in Ontario, Canada. The 

second problem is delayed voltage recovery after a fault due to stalling of large clusters of 

air-conditioning motors. This prolonged low voltage can lead to service disruption and 

reduced reliability of power system. Dynamic reactive power compensators, such as SVC 

and STATCOM, are conventionally employed to mitigate these issues but, these are very 

expensive. This provides motivation to find cheaper and alternative solutions.   

One such alternative solution is use of new controls of PV solar plants. Due to the 

widespread growth of solar plants, they are quite likely to be installed near such critical 

motors. Application of existing voltage control strategies of PV solar plants are examined. 

It is observed that they are not sufficient to address above problems. Novel patented 

technology of utilizing PV solar plants, both during night and day, as STATCOM, termed 

PV-STATCOM is a promising technology to provide voltage support in a similar manner 

as conventional solutions.  In this thesis, control strategies are developed for the application 

of PV-STATCOM for solving the above two issues. 

The PV-STATCOM can address the above problems at a 50 times lower cost than 

conventional SVC/STATCOM solutions. This technology thus brings significant savings 

for utilities by reducing the need for expensive STATCOMs or SVCs, and opens new 

revenue making opportunities for solar plants for providing the above critical service. 
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This chapter is organized as follow. The operating characteristic of induction motor, 

instability of critical motor and Fault Induced Delayed Voltage Recovery (FIDVR) are 

described in Sec. 1.1. The conventional solution for addressing instability of critical motor, 

and FIDVR are explained in Sec. 1.2 and Sec. 1.3, respectively. The growth of Photovoltaic 

(PV) solar plant and structure of a PV solar plant are described in Sec. 1.4 and Sec. 1.5, 

respectively. The existing control strategies of smart inverter control are discussed in Sec.  

1.6. The PV-STATCOM technology is introduced in Sec. 1.7. The small signal modeling 

of PV solar plant for interaction analysis is discussed in Sec. 1.8. The knowledge gaps in 

available literature are discussed in Sec. 1.9. Finally, the scope and objectives of this thesis 

are presented in Sec. 1.10. 

1.1 Stability of Induction Motors (IM) 

Induction Motor (IMs) are widely used as they are reliable, rugged and economical. 

Single phase IMs are used for running small loads like residential fans and air conditioner 

(AC) units, whereas three phase induction motors constitute about 80% of all industrial 

motors.  

1.1.1 Speed Torque Characteristics of an Induction Motor 

The torque of an induction motor depends on its terminal voltage. The speed torque 

characteristics of an induction motor (IM) for various voltages V1, V2 and V3, where 

V1>V2>V3 is shown in Figure 1-1. The IM is assumed to be operating at rated voltage V1 

by providing constant load torque. The operating point corresponding to steady state 

operation is shown as point A. If the voltage reduces to a lower value (V2) due to some 

disturbance, the IM speed reduces and the operating point changes to point B as shown in 

Figure 1-1. If the voltage reduces further to V3, the torque characteristics of the IM drops, 

and there is no operating point corresponding to the given load. It means, the IM is not able 

to generate the necessary electromagnetic torque at V3 to run the load. Thus, the IM speed 

drops and eventually it stalls.  
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Figure 1-1. Torque - Speed characteristic of an IM 

This figure shows that IMs are very sensitive to voltage; and having appropriate 

voltage at the terminal for IM is important for the motor to operate continuously, else it 

may stall.  

1.1.2 Reactive Power Consumption of an IM  

The reactive power consumption of an IM as a function of its terminal voltage is 

shown in Figure 1-2. When the IM is operating near rated voltage (1 pu), the reactive power 

reduces linearly with the drop in voltage. Once the voltage drops further to  𝑉௦௧௔௟௟, the 

voltage at which IM stalls, the reactive power consumption increases sharply. If the voltage 

reduces further, the reactive power follows an almost linear characteristic with voltage.   

This reactive power consumption of IM can have a severe impact on the voltage 

stability of the system. If the system voltage decreases to a voltage near to 𝑉௦௧௔௟௟, the 

reactive power consumption of the IM increases to a high value, which causes further drop 

in the system voltage. This could eventually lead to system collapse or delayed voltage 

recovery. 



4 

 

 

Figure 1-2. Reactive Power consumption of an IM as function of voltage 

1.1.3 Behavior of an air conditioner during voltage disturbance 

Air conditioner constitutes a major portion of the loads and stalling of these air 

conditioner loads could cause FIDVR issues. As this thesis deals with FIVDR, the behavior 

of air conditioner motors is described below. 

The torque speed characteristic of an IM used for running an air conditioner (AC) 

load is shown in Figure 1-3. The air conditioner compressor load is modelled as two 

constant loads: 

(i) Low load torque - this is the starting torque of the compressor. 
(ii) High load torque – this is the normal running torque of the compressor [1].   

When an air conditioner is turned on, the load torque is low, and IM quickly 

accelerates to operating point ‘A’. As the compression increases, the load torque increases 

to High load torque and the operating point changes to point ‘B’, as shown in Figure 1-3. 

The running load torque of the compressor intersects the torque characteristics of the IM 

at points ‘B’ and ‘C’, which are greater than the starting torque of the IM.  

If the motor voltage declines due to a fault and causes the motor to stop for a 

moment, the IM fails to restart after the fault is cleared, as the load torque is greater than 
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the starting torque of the IM. As shown in Figure 1-2, the stalled IM consumes a large 

reactive power and slows down the voltage recovery [1-3].  

 

Figure 1-3. Torque Speed Curve of an air conditioner motor [1]. 

The air conditioner loads have two types of protection: (i) Thermal protection and 

(ii) Low voltage protection. Low voltage protection acts when the voltage is less than 40% 

of rated voltage. Usually, the stalled voltage will be greater than this cut off threshold and 

thus low voltage protection does not act during stalled operation. Thermal protection has 

an inverse time characteristic relay, which operates when the IM current increases. The 

thermal protection does not act instantaneously; it takes 3-15 seconds to act. So, the stalled 

air conditioner loads remain connected to the system till the thermal protection acts, 

consuming a large reactive power.  This delays the recovery of voltage after a fault 

clearance, as described below. 

1.1.4 Fault Induced Delayed Voltage Recovery (FIDVR) 

Air conditioner loads constitute a major portion of the loads during summer [4].  A 

fault in the power system can lead to stalling of multiple air conditioner loads during this 

time. The stalled air conditioner loads will remain connected in the system for a while till 

the thermal protection of motors act and disconnect them from the system. While remaining 

connected to the system, the stalled air conditioner motors consume a large amount of 
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reactive power as shown in Figure 1-2, thus delaying the recovery of the system voltage. 

This phenomenon is called as Fault Induced Delayed Voltage Recovery (FIDVR). As the 

inertia constant of  IMs used for operating air-conditioning loads are 0.1 - 0.5 sec [3], these 

motors will stall for even quickly cleared faults.  It is reported that faults cleared in small 

as 3 cycles have caused FIDVR events [1]. This shows that with increasing penetration of 

low inertia air conditioner motors in the system, the probability of having voltage 

instability due to FIDVR is also increasing. Presently, FIDVR is one of the major voltage 

stability concerns faced by the utility. 

 

Figure 1-4.  System Voltage for FIDVR [1] 

According to Transmission Issue Subcommittee (TIS) of NERC, FIDVR is a low 

voltage event due to a fault, which typically takes more than two seconds for post fault 

steady state voltage recovery, and the initial recovery voltage after clearing of a fault is less  

than 90% of pre-contingency voltage [5]. The voltage for a typical FIDVR event is shown 

in Figure 1-4. A fault in the system causes the voltage to drop to almost zero at 10 sec. The 

fault is cleared in 6 cycles. The air conditioner motor loads fail to recover, and stall. The 

large reactive power consumption by the stalled air conditioner loads causes slowdown of 

recovery of the voltage as shown in Figure 1-4. After a delay, the thermal protection on the 

stalled motors act, and due to this the system voltage recovers and experiences an over 

voltage. Usually this over voltage is in the range of 8-15% and the delay for thermal 
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protection to act is 20-30 sec [1]. Due to the overvoltage, the shunt capacitors trip and 

causes a further reduction in voltage. If the disconnected AC loads try to reconnect during 

this low voltage, they can cause further decline in system voltage. The system controls 

typically bring the voltage to normal value after a further delay [1-3].  

The delayed voltage recovery can cause large loss of loads and tripping of 

generators. Also, extended low voltages can affect lives of consumers and lifecycle of 

utility equipment [5].  FIDVR events are widely reported in literature. The FIDVR event 

in Union City, Metro Atlanta caused a tripping of 1900 MW load and seven small 

generating units [5]. A load of 445 MW was lost in Washington due to prolonged low 

voltage while 1700 MW load was lost in Toronto, Canada, due to FIDVR [3]. In Southern 

California Edison network alone, more than 50 events are reported, among which the 

largest event caused a load loss of 3500 MW [2]. The FIDVR event in Hassayampa, 

Arizona, caused a loss of 440 MW load and 2600 MW generation [2].   

1.2 Mitigation of Instability of Motors in Industries by 
FACTS Devices 

Shutdown of the industrial IMs, even for a short duration of few minutes, can result in 

significant economic loss to the industrial facilities as the entire batch of materials being 

transported/served by these motors may get damaged [6, 7]. In one petrochemical industry 

(name withheld for confidentiality) the loss caused by the shutdown of motors is estimated 

to be $ 1 Million for just one hour of the shutdown. Thus, industries employ various 

methods to ensure stable operation of these critical IMs during system disturbance.  

Dynamic reactive power support is the most effective solution for preventing 

stalling of induction motor [8]. Shunt connected Flexible Alternative Current Transmission 

Systems (FACTS) devices like Static Var Compensator (SVC), and STATCOM are the 

mostly employed dynamic reactive power compensators [9, 10] for this purpose, due to 

their fast response (1-3 cycles). These FACTS devices are described below. 
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1.2.1 Static Var Compensator 

Static Var Compensator (SVC) is a static reactive power compensation device. 

SVC consists of a thyristor controlled reactor (TCR) and thyristor switched capacitor 

(TSC) [9, 10]. The reactive power output of the SVC is controlled by varying the firing 

angle of TCR between 90° - 180°, and by turning TSC ON or OFF. 

1.2.1.1 V-I characteristics of an SVC 

The V-I control characteristics of an SVC is depicted in  Figure 1-5. V-I characteristic of a 

SVC [10]. The characteristic can be divided into three parts [9, 10], as below: 

 

Figure 1-5. V-I characteristic of a SVC [10]. 

Linear Range of Control: The SVC current varies linearly with the SVC terminal Voltage 

(𝑉௧ ) in this range. The SVC current is varied between rated capacitive current  (𝐼௖ெ஺௑) and 

rated inductive current (𝐼௅ெ஺௑) in this range. The SVC current is controlled by varying the 

firing angle of TCR and by switching the TSCs. 

𝑽𝒕 

𝑰𝒄𝑴𝑨𝑿 𝑰𝑳𝑴𝑨𝑿 𝑰𝒄 𝑰𝑳 

Overcurrent 
Limit 

𝑰𝒔𝒆𝒕 

Overload Range 

Dynamic 
Characteristics 

Steady - State 
Characteristics 

Linear Range of 
Control 

𝑽𝟏 

𝑽𝟐 

𝑽𝒓𝒆𝒇 



9 

 

Overload Range: In this range, the TCR acts as a fixed inductor, as it is operating at 

maximum conduction mode. In this case, the current increases linearly with the increase in 

voltage. 

Overcurrent Limit: The maximum inductive current in overload range is limited to 

prevent excess thermal stress on the semiconductor switches.  

The SVC can provide fast reactive power support, and they are employed in power 

system for providing voltage support [11-18], load compensation [19-23], power 

oscillation damping [24-27], providing reactive power to HVDC converter stations [28-

30], etc. 

The fast reactive power support by the SVC can help in preventing IM instability. The 

application of a Static Var Compensator (SVC) and its superior effectiveness compared to 

a breaker switched capacitor in preventing IM instability is described in [31]. The use of 

thyristor-based voltage regulators for stabilizing critical induction motors is presented in 

[32].  The improved performance of SVC over a thyristor-controlled tap changer for IM 

stabilization is discussed in [18].  

The reactive power capability of SVC is limited at low voltage, as the reactive power of 

SVC varies in proportional with the square of the terminal voltage.  Furthermore, it requires 

large footprint due to the size of large inductors and capacitors, as well as large filters that 

are required to mitigate the harmonics generated in SVC.  

1.2.2  STATCOM 

 STATCOM is a Voltage Source Converter (VSC) [9, 10] based Flexible AC 

Transmission System (FACTS) device. The STATCOM is analogous to a synchronous 

condenser and is capable of generating three phase sinusoidal voltages with controllable 

amplitude and phase angle by switching of power electronic switches. The STATCOM is 

connected with the utility through a coupling reactance usually provided by the coupling 

transformer. Therefore, STATCOM can be represented as an ideal adjustable voltage 

source connected to a utility network. Like synchronous condenser, when STATCOM 

inverter output voltage is greater than utility voltage the STATCOM supplies reactive 
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power Q or leading current, and when inverter output voltage is less than the utility voltage 

it absorbs Q or provides lagging current. Therefore, the reactive power can be varied 

continuously from inductive to capacitive range by varying the magnitude of STATCOM 

terminal voltage.  

1.2.2.1 V-I characteristics of a STATCOM 

The V-I characteristics of a STATCOM is shown in Figure 1-6. 𝑉௧ represents the AC 

system voltage at STATCOM terminal. 𝐼௅ெ஺௑ and 𝐼௖ெ஺௑ denote the rated inductive and 

capacitive current, respectively, of the STATCOM. 

 

Figure 1-6. V-I characteristics of a STATCOM [10]. 

The STATCOM can provide any capacitive or inductive current between the rated 

capacitive or inductive current irrespective of the system voltage at its terminal. 

STATCOM can provide rated capacitive current even at a low system voltage (even as low 

as 0.15 pu). This is an added advantage of STATCOM compared to SVC. This rated 

capacitive current injection at a low system voltage is highly beneficial during voltage 

recovery after a severe disturbance. 

STATCOM has a higher transient current rating. The transient capacitive current rating 

is decided by the maximum turn off capability of the switches and the transient inductive 
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current rating is determined by the maximum allowable junction temperature of the 

converter switches [10].  

The STATCOM is faster device than a Static Var Compensator (SVC). Since the 

STATCOM controls reactive power flow through power electronics processing, it does not 

require any additional capacitor banks or reactors as an SVC. This results in a compact 

design, low noise and low magnetic impact. The only capacitor used is at the DC terminal 

of the STATCOM, which provides a constant voltage. As DC power does not have any 

reactive component and the voltage at the DC terminal is held constant, the DC link 

capacitor does not participate in any reactive power exchange. Since STATCOM does not 

inject any real power to the grid, the DC link provides an instantaneous power-circulating 

path to satisfy the power balance relation and thus the converter establishes a circulating 

reactive power exchange among the phases. However, in a practical STATCOM system 

there are real power losses in the semiconductor switches that are provided by the DC link 

capacitor. This reduces the DC link voltage over time. Thus, some real power must be 

absorbed from the AC system to charge the DC link capacitor and keep its voltage constant. 

This is accomplished by making the VSC terminal voltage lag the utility system voltage 

by an angle of θ. The magnitude of this angular difference depends on the amount of charge 

(real power absorption) that is needed to replenish the voltage drop in the DC link capacitor.  

The fast reactive power support by a STATCOM can help in improving voltage stability 

[33-40], power oscillation damping and SSR mitigation [41-43], load compensation [44], 

and integration of distributed generators [45-48]. 

1.2.3 Applications of STATCOMs and SVCs to stabilize Industrial 
Induction Motors 

Due to the fast reactive power support capability, STATCOMs and SVCs are used in 

industries to prevent IMs from stalling during voltage transients. Few of the installations 

by industries are listed here. Six 4.5 Mvar STATCOMs are installed in a gold mine in 

Matachewan, Ontario to provide dynamic reactive power support for motors fed over long 

cable lengths [49]. A 16.8Mvar STATCOM is connected in a petrochemical plant in Gulf 

coast, Texas, to prevent voltage instability during operation of large motors [49]. A                
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5 Mvar STATCOM is connected at Seattle Iron and Metal Corp. to provide dynamic 

support to critical Motors [50].  

It is thus evident that dynamic reactive power compensation with SVC and STATCOM 

are effective and widely used solutions for stabilizing induction motor during grid 

disturbances. Despite their better performance, these devices are costly. The installation of 

STATCOMs and SVCs require a large investment and requires a large footprint. 

1.3 Mitigation of FIDVR 

Both customer level and system level solutions are employed to mitigate FIDVR. 

1.3.1 Customer level Solutions 

The most effective solutions in customer level are (i) Low Voltage Disconnection, and (ii) 

Fault Ride Through. 

1.3.1.1 Low Voltage Disconnection 

 The air conditioner unit protection systems are modified to quickly disconnect at a 

voltage at which it will stall. This helps in fast voltage recovery, but at the cost of large 

load loss. The sudden tripping of the loads can cause over voltage in the system. The system 

controls should be modified to address this over voltage problem [1]. 

1.3.1.2 Fault Ride Through 

 The air conditioner units are modified to ride through the fault without stalling. This 

can be done by either oversizing the motor or increasing the inertia. By using an oversized 

motor, the air conditioner unit will be able to restart as the starting torque will be greater 

than the high load torque of the compressor. The motor with higher moment of inertia can 

store more kinetic energy and thus can aid in ride through without stalling. Again, these 

solutions are expensive, as they requires redesign of the IM [1].  

1.3.2 System level solutions 

The solutions used in system level to mitigate FIDVR are as follows: 
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1.3.2.1 Load Shedding  

Disconnecting loads during a low voltage event can help in fast recovery of voltage 

[3]. A localized relay based load shedding scheme is discussed in [51]. A load shedding 

strategy using IM kinetic energy as the indictor is proposed in [52].  Another load shedding 

strategy based on IM slip and voltage is presented in [53]. These methods help in fast 

voltage recovery but have the disadvantage of large load disconnection. 

1.3.2.2 Reactive power support 

Fast reactive power support can reduce the number of occurrences of FIDVR and can 

also help in rapid recovery of voltage. The different strategies for optimal allocation and 

sizing of reactive power sources for FIDVR mitigation are discussed in [54-59].   

Reactive power support is the most preferred method as it can help in fast voltage 

recovery with minimal load loss and it does not require modifications of the IM at customer 

level, which is a complicated process requiring a large financial and time commitment. 

1.3.3 Installations of SVCs and STATCOMs for preventing FIDVR 

Reactive power support is the most widely employed solution as it can minimize the 

adverse impacts of FIDVR, with minimal load loss. STATCOM and SVC are utilized to 

prevent FIDVR as they can provide fast reactive power as discussed before. A -100/ +300 

Mvar SVC is installed in Indianapolis Power and Light system [60], while a ±260 Mvar 

SVC is installed in Georgia Transmission Corporation network for preventing FIDVR 

events [61]. An SVC rated   0-225 Mvar  for 2 seconds, and 0 -112.5 Mvar capacitive for 

long term is employed in Massachusetts for fast voltage support [62].  A +200/ -100 Mvar 

SVC is installed in Western Region to prevent FIDVR [63], which helped in reduced 

dependence on the under voltage load shedding scheme to mitigate FIDVR. In Saudi 

Arabia,  five SVCs of +600/ -60 Mvar capacity are installed at five 110 kV voltage buses 

to ensure voltage recovery within 1 s for all single phase faults affecting 380 kV and 110 

kV system [64-68]. The size of SVC required for fast recovery (within 1 s) for two phase 

and three phase faults are extremely high and thus SVCs and therefore SVCs are limited 

for the fast recovery of voltage for only single phase faults in Saudi Arabia [64].  
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As discussed in section 1.2.3 that despite their benefits, both SVC and STATCOMs are 

quite expensive. For instance, a 3 Mvar STATCOM typically costs $ 5 Million, and a 200 

Mvar STATCOM costs $ 50 Million. 

The expensive conventional solutions motivate an investigation for cheaper and 

alternative solutions to address instability of critical motor and FIDVR mitigation.  

Photovoltaic (PV) Solar Systems can be a cheaper alternative solution, as due to their rapid 

growth worldwide, there is a high probability of having PV solar plant connected in a 

distribution network having critical motor and a transmission network experiencing 

FIDVR. In this thesis, novel controls of PV solar systems are developed to address the 

aforesaid issues. Hence, at first the Photovoltaic (PV) solar technology is described below. 

1.4 Photovoltaic (PV) Solar Systems 
    With increasing concern over global warming, the use of renewable energy is growing 

at a rapid rate around the world [69]. In 2013, over 140 countries agreed to UN’s framework 

convention on climate change to reduce carbon emission to combat global warming. This 

boosted the growth of renewable energy systems. Policies like priority dispatch from 

renewable energy sources, special feed in tariffs, quota obligations and energy tax 

exemptions has accelerated the growth of renewable energy sources.  

   PV solar plants are seeing an accelerated growth around the world in last decade with 

an average growth of 68% per year [70]. In 2017 the total global installed capacity of PV 

reached 398 GW [71]. It is predicted that global installation capacity of PV systems will 

reach 1100 GW by 2023 [72] and 4600 GW by 2050 [73]. 

    A commitment was made by the Canadian Government under the Climate change plan 

for Canada to buy 20% of electricity from renewable energy sources [74]. This policy along 

with incentive programs, procurement through requests for proposals, standard offer and 

feed-in tariff programs, and legislated renewable portfolio standards accelerated the growth 

of wind and PV installations in Canada. Over the last ten years, wind power has grown 

thirty-fold to 12816 MW in 2018 [75], which is estimated to equal about 10 percent of total 

Canadian potential wind generation capacity. Similarly, solar photovoltaic (PV) has grown 

substantially, reaching 2913 MW in 2017 [76] from only 10 MW in 2002. The significant 
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growth started in 2009 with the installation of 62 MW of solar PV capacity and continued 

thereafter. A majority of these installations have been in Ontario [74]. 

 Rapid integration of renewable energy is changing the structure of the traditional power 

systems. Some of the major problems caused due to the integration of renewable sources 

are variability of renewable energy sources, reverse power flows, system balancing, power 

quality, and energy management systems [77].  The design of over current protection 

becomes challenging due to low negative sequence current in renewables rich network. 

Further the traditional directional relays have to be redesigned due to reverse power flows.  

1.5 Grid Connected PV plants 

Photovoltaic solar plants are connected to grid at various voltage levels. Small scale 

residential PV systems (up to several kW) and commercial PV inverters (up to few MW) 

are connected to distribution networks. Large scale centralized PV plants (ranging up to 

500+ MWs) are connected to the transmission system.  

1.5.1 Small distributed PV plants 

The structure of small scale residential inverters is shown in Figure 1-7. The PV power 

generated by the PV modules is fed into the DC bus of the inverter. Voltage Source Inverter 

(VSI) is an IGBT based converter which converts the DC voltage into a series of variable 

sinusoidal pulse width modulating signals using sinusoidal pulse width modulation 

technique [78-80]. An L-C-L filter is connected at the AC side of inverter to mitigate the 

harmonics generated by inverter [81-83]. The DC link capacitor voltage is controlled using 

Maximum Power point Tracking (MPPT) algorithm to extract maximum power from the 

PV panels [84-86].  
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Figure 1-7. Structure of a distributed PV plant. 

1.5.2 Large PV plant 

Single line diagram of a large utility scale PV plant is shown in Figure 1-8. A large PV 

plant comprises multiple inverter units which are connected to the point of interconnection 

(POI) through medium voltage feeder cables [87, 88]. The individual inverters produce 

power according to the solar irradiance at their local solar panel array. The inverter unit 

consists of inverters and pad mount transformers. The pad mount transformers step up the 

inverter terminal voltage to the feeder voltage. The plant transformer steps up the feeder 

voltage to the transmission line voltage. Some plants have reactive power sources to 

provide reactive power support at the substation level. 
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Figure 1-8. Structure of a large PV plant [87] 

Large PV plants have two layers of control [87, 88], as described below.  

1.5.2.1 Plant Level Controller 

The operation of individual inverters in the plant is supervised by a plant level 

controller (PLC). It monitors the POI measurements and inverter outputs, and subsequently 

provides commands and power reference signals to the individual inverters. The PLC 

determines the active power reference (𝑃௥௘௙), and reactive power reference (𝑄௥௘௙), based 

on system conditions, estimated solar irradiance and instructions from the system operator. 
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The PV plant perform various grid supporting functions viz. Automatic Governor Control 

(AGC), reactive power support etc., if requested by the system operator. The PLC provides 

instructions to individual inverter controllers through a dedicated communication channel. 

The closed loop time constant of a plant controller of large scale PV solar farm is 

approximately 100 ms [87, 88]. As the plant level controller is slow, grid supporting 

functions like Low Voltage Ride Through (LVRT) and dynamic reactive power support 

are done at the inverter level controller [87].   

1.5.2.2 Inverter Level Controller 

The inverter level control is same as the control system of distributed PV plant.  The 

inverter level controller generates switching pulse for the voltage source inverter to 

produce the active and reactive power according to solar irradiance and command from the 

plant level controller. 

1.6 Smart Inverters 

A smart inverter provides control of real and reactive power both autonomously as well as 

in response to utility communicated signals [89]. This is contrast to legacy inverters which 

provide only real power generation. Smart inverters provide different grid support 

functions including: Volt/Var control, Volt/Watt control, Frequency/Watt control, primary 

frequency control, ramp rate control, High/Low Voltage Ride Through (H/L VRT) etc. 

[89], [88]. These Smart (or advanced) inverter functions are being incorporated in various 

standards for interconnecting distributed generation systems [90-92]. 

Smart inverter functions of PV inverter can improve the transient stability of the system 

[93, 94], reduce the adverse effects of PV integration and thus can increase the PV hosting 

capacity [95-97], improve voltage stability [94, 98-101], damp interarea oscillations [93] 

and provide frequency support [102]. 

1.6.1 Smart Inverter Functions for Voltage Control  

Smart inverter can provide real and reactive power support to the system during 

both steady state and transient voltage disturbances. The steady state voltage supporting 

functions of smart inverter are Fixed Power Factor control, Volt-Var control, and Volt-
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Watt Control. The smart inverter can provide dynamic reactive current injection during a 

disturbance to aid in fast recovery of system voltage. 

1.6.1.1 Fixed Power Factor Control 

In fixed (off-unity) power factor mode of operation, smart inverter provides 

reactive power to maintain the power factor of the inverter set by the operator [89].   

Fixed power factor control can help in reducing the over voltage due to the large 

PV integration and can reduce the voltage fluctuation due to variability in PV power [103-

108]. In this control strategy, the reactive power output of inverter depends on the real 

power production, and the amount of reactive power is also limited when the inverter is 

producing its rated active power. 

1.6.1.2 Volt-Var Control 

In Volt-Var control mode, the smart inverter produces reactive power according to 

the terminal voltage of the inverter. A typical Volt-Var curve for a smart inverter is shown 

in Figure 1-9. The smart inverter produces reactive power when the terminal voltage is 

beyond the acceptable limit. If the voltage is less than the lowest acceptable level (𝑉ଶ), the 

inverter generates capacitive reactive power, till 𝑄ଵ, which can be the maximum VAR 

rating of the inverter or the maximum VAR limit set by the operator. For a voltage lower 

than 𝑉ଵ, the inverter produces fixed capacitive reactive power 𝑄ଵ. During Voltage swell, 

the inverter produces inductive reactive power till 𝑄ଶ, which is the maximum inductive 

VAR rating of the inverter. For a voltage beyond 𝑉ସ, the inverter produces fixed inductive 

reactive power. The Volt-Var characteristics of the inverter can be varied by varying the 

slope of the curve and the speed of response of inverter [89]. 

The Volt-Var control of smart inverter minimize the voltage fluctuation caused by 

the PV penetration [109-116] and also helps in increasing the hosting capacity [117, 118].  
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Figure 1-9. Typical Volt-Var Curve of a Smart Inverter [89] 

1.6.1.3 Volt-Watt Control 

 

Figure 1-10. Typical Volt-Watt Curve of a Smart Inverter [89] 

If high PV power production occurs during low load period, the utilities experience 

over voltage in the feeder. Volt-Watt control is defined to tackle this over voltage issue. A 

%
 A

va
il

ab
le

 V
A

R
s C

ap
ac

it
iv

e 
In

d
u

ct
iv

e 

𝑽𝟏 𝑽𝟐 

𝑽𝟑 𝑽𝟒 

𝑸𝟐 

𝑸𝟏 

% Voltage 

𝟏𝟎𝟎% 

%
 M

ax
W

at
t 

O
u

tp
u

t 

𝑽𝟏 𝑽𝟐 % Voltage 

𝟏𝟎𝟎% 

𝑷𝟏 



21 

 

typical Volt-Watt curve is shown in Figure 1-10. In Volt-Watt control mode, if the PV 

system experiences overvoltage beyond acceptable limit (𝑉ଵ), the smart inverter curtails its 

active power according to the Volt -Watt curve. For a severe high voltage (> 𝑉ଶ), the smart 

inverter curtails its full active power production. The Volt-Watt function can reduce the 

overvoltage issue as discussed in [119-123]. 

1.6.1.4 Low/High Voltage Ride Through 

Previously distributed generators (DGs) were required to trip during a voltage 

disturbance. With the increased penetration of DGs, the momentary tripping of DGs during 

a voltage transient reduces the reliability of electric supply. To improve the reliability of 

electric supply with high penetration of DGs, inverters are required to ride through the 

voltage disturbance for a specified time, after which they are allowed to disconnect from 

the grid. An example for a Low/High Voltage Ride Through requirement is shown in 

Figure 1-11. The ride through requirements are specified according to the inverter terminal 

voltage and duration for which the inverter is experiencing that low/high voltage. 

According to the VRT curve, the inverter is required to operate in either of the five modes 

during a Low/High Voltage event, 

1. Continuous Operation: If the terminal voltage is within the normal operating voltage, 

the inverter should continue generating active power. 

2.  Mandatory Operation: In this mode, the inverter is required to remain connected by 

producing the maximum active power. 

3. Momentary Cessation: The inverter can stop generating power but shall not trip. 

4. Shall Trip: The inverter shall disconnect from the grid. 

5. May Ride Through or may Trip: The inverter may remain connected or disconnected 

from the grid. 

Voltage Ride Through (VRT) is required by the latest grid codes [90-92]. The VRT 

requirements of German Grid Code is shown in Figure 1-12 [91]. The requirements 
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according to California Rule 21 is shown in Figure 1-13 [92]. IEEE 1547-2018 [90] 

requires VRT requirement similar to California Rule 21. 

 

Figure 1-11. Typical VRT curve for a Smart Inverter [89] 

 

Figure 1-12. LVRT requirements according to BDEW [91]. 
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Figure 1-13. VRT requirements according to Rule 21 [92] 

1.6.1.5 Dynamic Reactive Current Control 

To improve short term voltage stability, smart inverters are required to inject 

reactive current during voltage ride through. An example for a dynamic reactive current 

injection requirement of a smart inverter is shown in Figure 1-14.  During this control, the 

inverters are required to inject a capacitive reactive current during voltage sag, and 

inductive reactive current during a voltage swell. The amount of reactive current is 

calculated based on the instantaneous value and moving average value of the inverter 

terminal voltage. The percent of reactive current injection can be varied by varying the 

slope of the reactive current curve. For example, the German Grid Code (BDEW), the PV 

inverter needs to inject minimum 2% reactive current per 1% voltage drop below 0.9 pu. 

[91]. 

 𝑖௖௔௣ =   2 ∗ ∆𝑉           𝑓𝑜𝑟 𝑉 < 0.9 𝑝𝑢  (1.1) 

𝑖௖௔௣ = Capacitive current required by the BDEW 

∆𝑉 = Present Inverter terminal voltage – moving average voltage over one cycle 

𝑉 = Present Inverter terminal voltage 
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The dynamic reactive current injection is optional in IEEE 1547 [90] and California 

Rule 21 [92].  

 

Figure 1-14. Typical Dynamic Reactive Power Support Function [89] 

1.6.2 Applications of smart inverters to provide dynamic voltage 
support in distribution networks 

Different dynamic voltage support strategies of PV inverters for voltage recovery 

during a disturbance in Low Voltage network are investigated in  [124, 125]. It is shown 

that dynamic support from PV inverters can improve short term voltage stability.  A control 

strategy for providing fixed amount of reactive power support to the grid during a 

disturbance is demonstrated in [126]. A model predictive based control of PV inverter for 

providing dynamic voltage support during a fault is presented in [127]. A dynamic voltage 

control strategy to provide reactive power support during High and Low Voltage Ride 

Through event is discussed in [128]. A control strategy utilizing the maximum current 

capacity of inverter to maximize the active current injection during a disturbance is 

presented in [125].  
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1.6.2.1 Active and Reactive Power control for dynamic voltage 
support 

As the feeders have both resistance and inductance, the motor terminal voltage (V) is 

sensitive to change in both active and reactive power output of PV solar farm. Assume 

𝑃௦௘௡௦ and 𝑄௦௘௡௦ as the change in motor terminal voltage for unit change in active (P) and 

reactive power (Q) output of PV solar farm, respectively.  

 𝑃௦௘௡௦ =  
𝜕𝑉

𝜕𝑃
  (1.1) 

 
𝑄௦௘௡௦ =  

𝜕𝑉

𝜕𝑄
 

 (1.2) 

Thus, the change in voltage can be represented as, 

 ∆𝑉 =  
𝜕𝑉

𝜕𝑃
𝑃 +

𝜕𝑉

𝜕𝑄
𝑄  (1.3) 

In decoupled control of PV inverter,  

 𝑃 =  
3

2
 𝑉ௗ𝑖ௗ  (1.4) 

 
𝑄 =  

3

2
 𝑉ௗ𝑖௤ 

 (1.5) 

we can say,  

 𝑃 ∝  𝑖ௗ𝑎𝑛𝑑 𝑄 ∝  𝑖௤  (1.6) 

The maximum change in motor terminal voltage can be found by solving following 

optimization problem [101, 125], 

 Maximize,  ∆𝑉 =  
డ௏

డ௉
𝑃 +

డ௏

డொ
𝑄  (1.7) 

Subject to, 
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ට𝑖ௗ

ଶ + 𝑖௤
ଶ = 𝐼௠௔௫ 

𝑖ௗ,𝑖௤  ≥ 0 

 (1.8) 

From (1.7), it is evident that the maximum increase in voltage will occur if active 

and reactive power are injected according to the active and reactive power sensitivity.   

1.6.3 Application of smart inverters to provide dynamic voltage 
support in transmission networks 

Dynamic support from a large PV plant can help in fast  recovery of voltage [100, 129, 

130]. Dynamic reactive power support by large PV plant per BDEW German grid code 

[20] to improve short term voltage stability is presented in [100, 130]. Dynamic reactive 

current injection during LVRT is described but made optional in IEEE Standard 1547-2018 

[90].  

A combined real and reactive power control strategy of injecting real and reactive power 

in a constant 1:1 ratio is presented in [101]. However, the efficacy of the method presented 

in [101] is limited in transmission systems where X/R >> 1.  

1.6.4 Field Demonstration of smart inverter functions 

Field demonstrations of smart inverter functions for voltage control such as fixed (non-

unity) power factor, volt-var and volt-watt, etc. have been performed by utilities [88, 131-

134].  

 The fixed power factor operation of utility scale rooftop PV plants for mitigation of 

voltage related issues due to PV integration was demonstrated on a  2 MW PV system in 

California [131]. The effectiveness of fixed power factor smart PV inverter function in 

reducing voltage deviations was field-demonstrated on a distribution circuit near 

Porterville, California, for increasing hosting capacity of PV systems [132]. The results of 

field demonstration of smart inverters with volt-var control and power factor control for 

providing voltage support in San Diego Gas & Electric (SDG&E) distribution network 

were presented in [133]. A demonstration project was conducted in Puerto Rico on two 

utility-scale photovoltaic (PV) plants rated 20+ MW to demonstrate power smoothing, 
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frequency regulation services and power quality [134].The field demonstration results of 

smart inverter functionalities such as automatic governor control, power factor control, 

frequency droop control and voltage control done on a 300 MW PV power plant are 

presented in [88].  

1.7 PV-STATCOM: a new smart inverter 

A new smart inverter technology utilizing PV solar plants as a dynamic reactive power 

compensator STATCOM, termed PV-STATCOM is proposed in [135]. The different 

modes of operation of PV-STATCOM are described below. 

1.7.1 Partial STATCOM Mode 

In this mode, the PV system provides dynamic reactive power support using the PV 

inverter capacity remaining after real power generation. This mode gives priority to real 

power generation. 

1.7.2 Full STATCOM Mode 

 

Figure 1-15. PV-STATCOM capability of PV inverter. Regions A illustrates Full 

STATCOM Mode (Variant 1) and Regions B depict Partial STATCOM mode. 

In this mode, during any system disturbance in daytime the active power is curtailed for 

a short duration (typically less than a minute) and dynamic reactive power support is 
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provided to power system as a STATCOM. As soon as system stabilization need is 

fulfilled, the PV system returns to its predisturbance power generation level. This mode 

gives priority to reactive power exchange. 

The Full-STATCOM mode has two variants. In Variant 1 the real power is curtailed to 

zero and entire inverter capacity is made available for providing reactive power exchange. 

If the need for reactive power is less than the entire inverter capacity, Variant 2 is used in 

which active power is curtailed (not to zero) but only by an amount which allows the 

needed reactive power to be exchanged with the power system. Variant 1 of Full 

STATCOM is completely available during nighttime. With the above two operating modes, 

the PV-STATCOM provides a 24/7 functionality as a STATCOM. 

The applications of PV-STATCOM were presented for enhancing power transmission 

capacity [136], mitigation of sub synchronous resonance [137], and dynamic voltage 

control [138], etc.  Initial studies on stabilization of an IM located at PV solar farm terminal 

using non-autonomous control of PV-STATCOM is presented in [139].   

The PV-STATCOM technology can provide voltage recovery similar to 

STATCOM during both night and day time. Moreover, PV-STATCOM technology is 

about 50-100 times more economical than a STATCOM (and also SVC). This is because 

it requires the implementation of only certain additional controls on existing PV inverters 

and the already present electrical infrastructure (substation, transformers, breakers, 

buswork, etc) of the solar farm.   

Due to the above said advantages, it is highly likely to operate neighboring PV 

plants as PV-STATCOMs. The neighboring PV-STATCOMs may interact adversely 

between them. The small signal analysis is done to study the interaction between multiple 

PV-STATCOMs as described below.    

1.8 State Space Analysis of PV integration  

State space analysis is performed to evaluate the small signal stability of power 

systems. Eigen values calculated from the state space model gives information on the 

stability of the system at that operating point. Participation factor analysis can be done to 
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find the factors affecting stability and can be used to design controllers for improving the 

stability of system.  

1.8.1 Interaction between PV systems and other voltage regulating 
devices 

The Smart Inverter control of PV systems can potentially have adverse interactions 

with traditional voltage regulating devices viz., switched capacitor, OLTC, etc. [140-146].  

The participation of PV systems in voltage regulation increases the number of switching 

of these devices [140, 143-145]. Studies have shown that power factor operation of PV 

system has substantial impact on other voltage regulating devices [146]. The distributed 

PV inverters cause more severe impact than the centralized PV plant [145]. Adding a dead 

band in the voltage control range of PV inverters can reduce these adverse interactions 

[141]. Dividing power systems into different control zones and modifying the speed of 

operation of these devices according to distance between them can effectively reduce 

negative interactions and improve voltage profile [142]. 

1.8.2 Interaction between PV systems 

Multiple PV units can also adversely interact with each other and reduce stability of 

the system. Interactions between multiple PV units are reported in micro grid [147], Low 

Voltage Distribution Network [148, 149], and Medium Voltage Distribution Network [150, 

151].  

In a microgrid, the converter interfaced loads acts as a negative load and can deteriorate 

the stability of the system [147]. If multiple PV units are taking part in Volt -Var control, 

the adverse interactions can be minimized by reducing the speed of response as reported in 

[151-154]. Studies in [155] have reported that increase in measurement delay reduces 

stability. A method based on dividing the system into different coherent groups and 

develop controller for each group assuming interactions with other groups as external 

disturbance is proposed in [156]. An output feedback minimax optimal control strategy is 

proposed to eliminate the negative interactions in [149].  Negative interactions are possible 

between Volt-Watt controller and Volt-Var controller, when the PV is operating near its 
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full capacity  [157]. These interactions can be reduced by increasing the time constant of 

the voltage measurement filter only up to a limit [157]. 

1.9 Knowledge Gaps 

The knowledge gaps existing in literature for the application of PV solar plant to address 

instability of critical motor and FIDVR are presented below. The knowledge gaps in 

demonstration of smart inverter technology and small signal analysis of interaction 

between multiple PV solar plants, are also presented.  

1.9.1 Application of Smart Inverter function for stabilizing remotely 
located critical induction motor   

Dynamic voltage support requirements of grid codes [90-92] and control strategies 

presented in literature [124-128] require PV systems to provide reactive current in 

proportional to the drop in its local bus voltage below prespecified limits. However, during 

system faults this function may not be adequate for stabilizing critical motors that are 

remotely located from the PV solar plants. This is because even if local voltage support is 

provided, the voltage at the remote motor terminal may not recover to sufficient levels to 

meet the extended reactive power needs of the IM. Moreover, Voltage Ride Through is 

neither defined nor expected from PV solar plants during nighttime [90].  

Ref. [126-128] discusses the control strategies based on reactive power injection 

during a transient. But in a distribution network the 
௑

ோ
 ratio is low, and thus the impact of 

reactive power on system voltage is lower. So, the methods based on reactive power 

injection can be less effective in providing voltage support in distribution networks.  

1.9.2 Application of Smart Inverter function for mitigation of FIDVR 

Dynamic reactive power support using remaining inverter capacity presented in [158] 

is less effective during periods of high PV power generation. Fixed power factor operation 

of PV plant for providing voltage support discussed in [99] is less effective during a 

transient as the reactive power injected is limited by the active power output and set power 

factor reference of the PV.   

Voltage Ride Through functions according to German grid code [91] and IEEE Standard 
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[90] are based on reactive power, and are not defined or prescribed during nighttime (when 

PV systems do not generate power).  A VRT function based on combined modulation of 

real and reactive power can aid in fast recovery of system voltage than reactive power 

based control alone. Moreover, for effective voltage recovery the combined modulation of 

real and reactive power according to network X/R ratio should be investigated. 

1.9.3 Field demonstration of smart inverter functions 

In all the above utility demonstrations, voltage control based smart inverter functions 

had a response time of 1-3 seconds. The capability of PV solar plants to provide faster 

voltage support has not been tested in field so far. Furthermore, smart inverter functions 

have neither been defined nor demonstrated during nighttime. These aspects need to be 

researched and tested. 

1.9.4 Application of PV-STATCOM for motor stabilization 

The application of PV-STATCOM for providing dynamic voltage support for 

induction motors in distribution and transmission system is not explored in literature. 

Furthermore, this capability of a PV-STATCOM to provide dynamic voltage support for 

induction motor stabilization has not been tested in field so far. 

1.9.5 Small Signal Analysis of multiple PV solar plants 

The interactions between distributed small PV units operating according to grid code 

standards are studied in detail in  [147-157, 159, 160]. The commercially available PV 

inverter has the maximum capacity up to 4 MW [161-163], and thus, utility scale PV plants 

connected to medium voltage distribution network have multiple inverters connected to the 

substation transformer using multiple pad mount transformers and collector system, thus 

having a structural difference with the distributed small PV inverter units.  In literature, 

utility scale PV plants are modelled as a single equivalent unit for stability analysis [145, 

164]. Due to the structural difference, the actual behavior of the PV plant could be different 

from the equivalent model and this needs to be investigated. 

Small signal analysis of PV plants equipped with PV-STATCOM control has not been 

performed so far. The small signal analysis of PV plant equipped with PV-STATCOM 
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control has to be done to study the possible interactions between multiple inverters in the 

same plant and the interactions between adjacent plants, and to develop a guideline for the 

design of the PV-STATCOM systems before installation.    

1.10 Scope and Objectives of Thesis 

1.10.1 Scope of the Thesis 

PV-STATCOM is a novel technology. It has a great potential to support the grid in 

several ways due to its ability to dynamically control both real and reactive power output. 

However, the application of PV-STATCOM for fast voltage support for stabilization of 

critical induction motors is not explored well in literature. Unstable operation of induction 

motors and FIDVR issues are one of the main causes of voltage instability in electrical 

network. Dynamic reactive power sources like SVC and STATCOM are conventionally 

utilized solutions for preventing motor instability. Due to the vast and increasing 

deployment of PV inverters, PV-STATCOM can be utilized as a low cost solution for 

supporting critical motors.  

1.10.2 Objectives of the Thesis 

The objective of this thesis is to explore novel applications of PV-STATCOM 

technology for stabilizing critical motors and obviating FIDVR in power systems.  

To achieve this objective, the following tasks have been identified, which eventually 

lead to the different Chapters in this thesis: 

 To develop a control strategy for dynamic reactive power control of PV-

STATCOM for stabilizing a remotely located critical induction motor. 

 To field demonstrate the application of PV-STATCOM for the stabilization of 

critical induction motor. 

 To develop a comprehensive control strategy for combined real and reactive power 

control of PV-STATCOM for providing dynamic voltage support to a remotely 

located critical induction motor connected on the same distribution feeder. 
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 To demonstrate the capability of a PV-STATCOM to mitigate FIDVR in a 

transmission network. 

 To perform the stability analysis of two utility scale PV plants connected to a 

medium voltage realistic feeder with PV-STATCOM control, and to develop 

design guidelines for the PV-STATCOM controller design considering the impact 

of interactions between PV plants and also the interactions between inverters in 

same PV plant.  

1.11 Outline of Thesis 

Chapter 2 presents the modeling of various components of a PV solar farm connected 

to the electrical network. The design strategies for the controller parameters are discussed 

in detail. The equivalent and detailed model of a large PV plant is also discussed. The 

overview of the proposed PV-STATCOM controller is presented.  

Chapter 3 discusses the reactive power control of PV-STATCOM to stabilize remotely 

located critical IM. Detailed simulation studies are done on distribution network of 

Bluewater Power, Sarnia, Canada, to show the effectiveness of the proposed control. The 

effectiveness of the proposed control is further tested for variation of key system 

parameters on a realistic distribution network in Ontario, Canada, and the results are 

included. Simulation studies show that the proposed control can eliminate the need for 

installing STATCOMs, and it can ensure stable operation of critical IMs, even for the cases 

which the reactive power support from the PV systems according to the latest grid codes is 

inadequate for motor stabilization. 

Chapter 4 presents results of first time field validation of the proposed control on 

distribution network of Bluewater Power Corporation Sarnia, Canada. The capability of 

PV-STATCOM technology for both day and night time are tested. It is shown that PV-

STATCOM technology can ensure stable operation of remotely located IM 24/7. The 

performance of this technology is further compared with the German Grid Code 

requirements. The impact of weak communication link on the performance of PV-

STATCOM technology is also tested. 
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Chapter 5 presents a comprehensive control strategy for combined real and reactive power 

control of PV-STATCOM for providing dynamic voltage support to a remotely located 

critical induction motor connected on the same distribution feeder. Extensive simulation 

studies are done on a medium sized PV plant connected to a distribution feeder in Ontario, 

Canada. The studies confirm that the proposed control can ensure stable operation of 

critical IM in systems with various X/R ratios, and even for cases where other smart 

inverter control strategies fail.  Simulation studies are further done using detailed PV plant 

model to compare the implementation of proposed control on Plant Level or Inverter Level. 

Small signal studies are done to find the impact of PV plant parameters and system 

parameters on the stability of a medium sized PV plant equipped with the proposed control.  

Chapter 6 presents a control strategy for PV-STATCOM, for FIDVR alleviation. The 

proposed control involves dynamic modulation of both reactive and real power during day, 

and of reactive power during night. Eigenvalue analysis is done to study the sensitivity of 

proposed controller performance to various power system and PV plant parameters. 

Extensive PSCAD simulation studies of FIDVR are performed in a realistic power 

transmission system with large-scale PV plant and comprehensive IM loads. It is shown 

that the proposed PV-STATCOM control: (i) mitigates FIDVR even if solar farm is located 

more than 100 km from motor loads, (ii) is more effective than reactive power support 

required by German Grid Code, (iii) is equally effective as a STATCOM connected locally 

at motor loads, and iv) stabilizes motors at night which is beyond Grid Code requirements. 

Chapter 7 presents the results of stability analysis of two utility scale PV plants connected 

to a medium voltage realistic feeder with PV-STATCOM control. The studies are done for 

(i) PV-STATCOM control done at plant level, and (ii) PV-STATCOM control done at 

inverter level.  Studies are done to compare the application of equivalent model and 

detailed model of PV plants for stability analysis. Further studies are done to test the 

sensitivity of proposed controller performance to X/R ratio of the feeder, system strength, 

PV plant active power output, PV plant delay, speed of response of voltage controllers and 

distance between the PV plants. 
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Chapter 8 presents the conclusions and the main contributions of this thesis. Future 

research work with the PV-STATCOM controller is also proposed. 
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Chapter 2  

2 Modeling of Grid Connected PV System 

2.1 Introduction 

This chapter presents the detailed modeling of different components of a PV solar farm 

connected to power distribution grid.  The modeling of different distribution grid 

components is presented first, while the modeling of a PV system components and 

controller is described later. The design strategy for various controller components is 

further discussed. The model of a large PV plant is also presented. Then the structure of 

the PV-STATCOM controller is explained.  

2.2 Radial Distribution System 

The single line diagram of a typical radial distribution system is shown in Figure 2-1. A 

distribution system consists of substation connected to the transformer, distribution feeders 

and loads. The modeling of various components of the distribution system is discussed in 

detail in this section. 

 

Figure 2-1. Single Line Diagram of a distribution system 

2.2.1 Substation System 

The radial distribution systems are fed by high voltage transmission system. For the 

distribution system studies, the high voltage system is modelled as a voltage source behind 

Thevenin equivalent impedance as shown in Figure 2-2. The source voltage is 𝑉௚. The 

𝑰𝑴 

Substation Transformer 

PV System 
Dynamic Load 

Static Load 
Line Line 
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Thevenin equivalent resistance and inductance of the high voltage network is represented 

as  𝐿௚ and 𝑅௚, respectively.  The dynamics of substation is represented by (2.2). 

 

Figure 2-2. Substation Model 

 𝐿௚

𝑑𝐼௚

𝑑𝑡
=  𝑉௚ − 𝑅௚𝐼௚ − 𝑉ଵ  (2.2) 

2.2.2 Distribution Line Model 

The distribution line is represented by a lumped 𝜋 equivalent model as illustrated in Figure 

2-3. 𝑉௦ and 𝑉ோ are, respectively, the sending end and receiving end positive sequence 

voltages. The sending end and receiving end currents are denoted by 𝐼௦ and 𝐼ோ, respectively. 

The series parameters R and L denote the lumped resistance and inductance of the 

equivalent 𝜋 model and are given by (2.3) and (2.4), respectively. The shunt parameters 

are conductance and susceptance. The conductance of distribution lines is very small, and 

they are usually neglected. The lumped susceptance of the distribution line, C is given by 

(2.5). 

 𝑅 = 𝑟 ∗ 𝑙  (2.3) 

 𝐿 =  
𝑥 ∗ 𝑙

2 ∗ 𝜋 ∗ 𝑓
  (2.4) 

 𝐶 =  
𝑦 ∗ 𝑙

2 ∗ 𝜋 ∗ 𝑓
  (2.5) 

where, r, x and y are respectively the resistance, inductive reactance and susceptance per 

unit length of the distribution line.  l and f are the length of line and frequency of the system, 

respectively. 

𝑹𝒈 𝑳𝒈 
𝑽𝒈 

𝑰𝒈 
𝑽𝟏 
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Figure 2-3.  Distribution Line Model 

The dynamics of the distribution line can be represented by (2.6).  

 

𝐿
𝑑𝐼௅

𝑑𝑡
=  𝑉ௌ − 𝑅𝐼௅ − 𝑉ோ 

𝐶

2

𝑑𝑉ௌ

𝑑𝑡
=  𝐼ௌ − 𝐼௅ 

𝐶

2

𝑑𝑉ோ

𝑑𝑡
=  𝐼௅ − 𝐼ோ 

 (2.6) 

2.2.3 Transformer 

Transformers are widely used in distribution system for transformation of voltage and to 

provide isolation. Usually, the transmission voltage is transformed to medium voltage at 

the substation for feeding distribution lines. Transformers are further used in distribution 

network to step down the voltage to feed low voltage loads. The distributed generators 

(DGs) are connected to the distribution network through a transformer, which provides an 

electrical isolation between the DG and distribution network and transform the DG output 

voltage to the distribution network rated voltage.   

A two winding transformer is represented by its equivalent shunt and series parameters as 

shown in Figure 2-4.  The series resistance and reactance represent the copper loss and 

leakage reactance of the windings, respectively. The leakage reactance of primary and 

secondary coils are 𝐿௉ and 𝐿ௌ respectively. The copper loss in primary and secondary coil 

are modelled as 𝑅௉ and 𝑅ௌ respectively. The core loss (𝑅஼) and magnetizing reactance (𝐿ெ) 

of the transformer is modelled as shunt parameters. The shunt impedance of the transformer 

𝑹  𝑳  

𝑪

𝟐
 

𝑪

𝟐
 

𝑰𝒔 𝑰𝑹 

𝑽𝒔 𝑽𝑹 

𝑰𝑳 
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is very high, and usually neglected while modeling transformer for power system steady 

state studies. Thus, a transformer is modelled as series resistance R and reactance L as 

shown in Figure 2-5, for steady state analysis. The resistance R and reactance L are the 

equivalent resistance and reactance of primary and secondary coil. The voltage 

transformation ratio of the transformer is denoted as n. The differential equation governing 

the transformer dynamics is given by (2.7). 

 

Figure 2-4. Model of a Transformer 

 𝐿
𝑑𝐼ௌ

𝑑𝑡
=  𝑛 ∗ 𝑉௉ − 𝑅𝐼ௌ − 𝑉ௌ  (2.7) 

 

Figure 2-5. Simplified Model of transformer 

2.2.4 Load Model 

The loads can be classified into static loads, dynamic loads and power electronic based 

loads based on their power consumption characteristics.  The power consumption of the 

load is dependent on voltage and frequency. Dynamic loads such as induction motor loads 

are highly dependent on system voltage and require detailed modeling for voltage stability 

studies. The other loads are represented as voltage dependent loads in this thesis. 

𝑰𝑷 𝑰𝑺 
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𝑳𝑺 

𝑳𝑴 

𝑳𝑷 𝑹𝑺 

𝑹𝒄 

𝑹𝑷 

𝑹  𝑳  𝑰𝑷 𝑰𝑺 

𝑽𝑷 𝑽𝑺 
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2.2.4.1 Static loads 

Static loads are modelled as voltage dependent load as given in (2.8). 

 

𝑃௅ =  𝑃଴ ൬
𝑉

𝑉଴
൰

௔ଵ

 

𝑄௅ =  𝑄଴(
𝑉

𝑉଴
)௔ଶ 

 (2.8) 

where, 𝑃௅ and 𝑄௅ are the active and reactive power consumed by load at a voltage 𝑉. 𝑃଴ 

and 𝑄଴ are the active and reactive power consumed by load at rated voltage 𝑉଴, 

respectively. The factors 𝑎1 and 𝑎2 are dependent on the load types. Typical values of 𝑎1 

and 𝑎2 used in North America are 0.72, and 1.27, respectively [100]. 

2.2.4.2 Induction Motor loads 

The working principle of induction motor (IM) is electromagnetic induction. So, the IM 

can be modelled similar to a transformer. Since the frequency of operation of stator and 

rotor are different, the equivalent model can be represented in stationary reference frame, 

rotor reference frame or a synchronously rotating frame. In this thesis, the IM is modelled 

in stationary reference frame. 

The equivalent circuit of an IM is illustrated in Figure 2-6. 𝐿௦ and 𝑅௦ denotes the stator 

inductance and resistance respectively. 𝐿ெ is the magnetizing inductance of IM. 𝐿ோ and 𝑅ோ 

represent the rotor inductance and resistance transformed to stationary frame respectively. 

The IM load is represented by 
ଵି௦

௦
𝑅ோ, where s is the slip of IM. 

 

Figure 2-6. Model of Induction Motor load 

𝑹𝒔 𝑳𝒔 𝑰𝒔 𝑰𝑹 

𝑽𝒔 𝑳𝑴 

𝑳𝑹 𝑹𝑹 

𝟏 − 𝒔

𝒔
𝑹𝑹 
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The IM stator and rotor dynamics are modelled by using flux linkages as the variables. The 

stator and rotor flux linkages are given by (2.9) and (2.10) respectively. The 

electromagnetic torque (𝑇௘) of the IM is represented by (2.11).  The electro mechanical 

equation of the IM is given by (2.12). 

 

𝜕Ψௗ௦

𝜕𝑡
=  −𝐼ௗ௦ ∗ 𝑅ௌ + 𝑉௦ௗ + 𝜓௤௦ ∗ 𝜔௚ 

𝜕Ψ௤௦

𝜕𝑡
=  −𝐼௤௦ ∗ 𝑅ௌ + 𝑉௦௤ − 𝜓ௗ௦ ∗ 𝜔௚ 

 (2.9) 

 

𝜕Ψௗ௥

𝜕𝑡
=  −𝐼ௗ௥ ∗ 𝑅ோ + 𝜓௤௥ ∗ (𝜔௚ − 𝜔௥) 

𝜕Ψ௤௥

𝜕𝑡
=  −𝐼௤௥ ∗ 𝑅ோ − 𝜓ௗ௥ ∗ (𝜔௚ − 𝜔௥) 

 (2.10) 

 𝑇௘ = ቀ൫Ψௗ௦ ∗ 𝐼௤௦൯ −  ൫Ψ௤௦ ∗ 𝐼ௗ௦൯ቁ ∗ ൬
3

2
൰ ∗ ൬

𝑃

2
൰  (2.11) 

 
𝜕𝜔௥

𝜕𝑥
=  

𝑃

2 ∗ 𝐽
∗ (𝑇௘ − 𝑇௠)  (2.12) 

The relation between fluxes and currents are given by (2.13). 

 

൤
Ψௗ௦

Ψௗ௥
൨ =  ൤

𝐿ௌௌ 𝐿ெ

𝐿ெ 𝐿ோோ
൨ ൤

𝐼ௗ௦

𝐼ௗ௥
൨ 

൤
Ψ௤௦

Ψ௤௥
൨ =  ൤

𝐿ௌௌ 𝐿ெ

𝐿ெ 𝐿ோோ
൨ ൤

𝐼௤௦

𝐼௤௥
൨ 

 (2.13) 

where, 𝐿ௌௌ and 𝐿ோோ are given by (2.14). 

 
𝐿ௌௌ =  𝐿ௌ + 𝐿ெ 

𝐿ோோ =  𝐿ோ + 𝐿ெ 
 (2.14) 

where, 
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𝐼ௗ௦ and 𝐼௤௦ are the stator d and q axis current. 

𝐼ௗ௥ and 𝐼௤௥ are the rotor d and q axis current. 

𝑉ௗ௦ and 𝑉௤௦ are the stator d and q axis voltage. 

Ψௗ௦ and Ψ௤௦ are the stator d and q axis fluxes. 

Ψௗ௥ and Ψ௤௥ are the rotor d and q axis fluxes. 

𝜔௚ is the stator frequency 

P is the number of poles 

𝜔௥ is the rotor frequency  

𝑇௘ and 𝑇௠ are the electromagnetic and shaft mechanical torque respectively. 

J is the combined rotor and load inertia coefficient. 

𝐿ௌௌ is the total stator inductance. 

𝐿ோோ is the total stator inductance. 

2.3 Model of PV System  

The PV system converts solar power to electrical power and feed into the electrical grid. 

The PV system consist of solar panels, inverter, filter and coupling transformer. The 

schematic of a grid connected PV system is shown in Figure 2-7. Point of Common 

Coupling (PCC) is defined as the point where the PV plant is connected to the electrical 

grid. The Electrical Point of Connection (EPC) is defined as the point where, the inverter 

is connected to the rest of the PV plant [89]. EPC is considered as the low voltage terminal 

of the coupling transformer in this thesis. 
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Figure 2-7. Single Line Diagram of a Grid Connected PV System. 

2.3.1 Solar Panels 

The solar cells generate electric current, when solar irradiance falls on them. The power 

output of a solar cell is very small, so multiple solar cells are connected in series-parallel 

configuration in a solar panel. The rating of typical solar panels currently available on 

market are 200 -350 watts. Thus, in a large solar farm, multiple panels are connected in 

series and parallel combination to extract maximum power. 

 

Figure 2-8. Equivalent Circuit of a Solar Cell 

The equivalent circuit of a solar cell is shown in Figure 2-8 [165].  The equivalent circuit 

consist of current source, anti-parallel diode, and a series and parallel resistance. The 𝐼௦௖ is 

the current generated by the solar cell, when it is exposed to sunlight. 𝐼஽ is the current 

flowing through the anti-parallel diode.  𝑅௉ and 𝑅௦ are the shunt and series resistance of 
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the solar cell, respectively. 𝐼௉ is the current flowing through the shunt resistance 𝑅௉. 𝑉௖௘௟௟ 

is the voltage across the solar cell. The solar cell output current 𝐼௖௘௟௟ is given by (2.15). 

 𝐼௖௘௟௟ =  𝐼௦௖ −  𝐼஽ −  𝐼௉    (2.15) 

The current generated by the solar cell is dependent on the irradiance and temperature as 

shown in (2.16). 

 𝐼௦௖ = 𝐼௦௖଴ (
𝐺

𝐺଴
)[1 + 𝛼(𝑇 − 𝑇଴)]  (2.16) 

where, 𝐼௦௖଴ is the current by solar cell at Standard Reference Condition (SRC), G is the 

radiance, T is the temperature, 𝐺଴ and 𝑇଴ are the radiance and temperature at SRC, and 𝛼 

is the temperature coefficient of the solar cell current. 𝐺଴ and 𝑇଴ are 1000W/m2 and 298 K 

respectively. 

The diode current 𝐼஽ is given by (2.17). 

 𝐼஽ =  𝐼଴[exp ൬
𝑞𝑉௖௘௟௟  + 𝐼௖௘௟௟𝑅௦

𝑛𝑘𝑇
൰ − 1]  (2.17) 

where, 𝐼଴ is the diode saturation current, 𝑞 is the electronic charge (𝑞 = 1.602 ∗ 10ିଵଽ𝐶), 

k is the Boltzmann constant (𝑘 = 1.3806503 ∗ 10ିଶଷ𝐽/𝐾), n is the ideality factor of the 

diode, and T is the temperature of the cell. 

The current flowing through the shunt resistance, 𝐼௉ is given by (2.18). 

 𝐼௉ =  
𝑉௖௘௟௟ + 𝐼௖௘௟௟ ∗ 𝑅௦

𝑅௣
   (2.18) 

For a solar panel having 𝑛௦ and 𝑛௉ cells connected in series and parallel respectively, the 

output current (𝐼௣௔௡௘௟) and voltage (𝑉௣௔௡௘௟) are given by (2.19). 

 

𝐼௣௔௡௘௟ =  𝑛௉ ∗ 𝐼௖௘௟௟ 

𝑉௣௔௡௘௟ =  𝑛௦ ∗ 𝑉௖௘௟௟ 
 (2.19) 
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For a solar farm consist of 𝑁௉ solar panels connected in parallel and 𝑁௦ solar panels 

connected in series, the output current (𝐼௉௏) and voltage (𝑉௉௏) are given by (2.20). 

 

𝐼௉௏ =  𝑁௉ ∗ 𝐼௣௔௡௘௟ 

𝑉௉௏ =  𝑁௦ ∗ 𝑉௣௔௡௘௟ 
 (2.20) 

The variation of a PV panel output power with respect to change in the panel voltage is 

depicted in Figure 2-9. The panel voltage corresponding to maximum power (𝑃ெ௉௉்) is 

represented as 𝑉ெ௉௉். Several algorithms are available in literature to detect 𝑉ெ௉௉் [85, 

166, 167]. 

 

Figure 2-9. Power-Voltage Curve of a Solar Panel. 

2.3.2 Inverter 

The energy generated by the solar panel is transferred to electrical grid through a dc- ac 

converter. A two level voltage source inverter (VSI) is used in this thesis for feeding solar 

power to the grid. It consists of six insulated gate bipolar transistor (IGBT) switches and a 

capacitor on the dc side. Two IGBTs are connected in each leg of the inverter, which 

generates one phase of the AC voltage. The IGBTs are controlled by different modulation 

techniques like Sinusoidal pulse width modulation (SPWM), third harmonic pulse width 

modulation, Space Vector pulse width modulation (SVPWM) etc. [168]. The switching 

signals are generated in a complimentary manner for switches in the same leg to prevent 
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short circuiting of the leg. SPWM is employed in this thesis as it is easy to implement and 

is widely used. Due to the switching, the AC side voltage has a fundamental frequency 

component, and high frequency components which must be attenuated by a low pass filter. 

The harmonic component can be reduced by increasing the switching frequency, but 

switching losses increases with higher switching frequency. Thus, switching frequency is 

selected such that the harmonics generated are within stipulated limits and switching losses 

are also not high. The selection of DC link voltage for a two level VSI with SPWM is 

guided by (2.21). 

 𝑉ௗ௖  ≥ 2 ∗ ඨ
2

3
𝑉௅௅  (2.21) 

where, 𝑉ௗ௖ is the DC bus voltage and 𝑉௅௅ is the fundamental frequency component of line 

- line voltage at the AC terminal of the inverter. 

Depending on the objective of the study, VSI can be modelled in detail by a switching 

model or as an average model. In switching model, VSI is modelled with detailed switching 

model of the power electronic switches. This model can provide detailed information on 

the harmonic spectrum of the VSI output voltage. But for fast simulation studies, the 

equivalent average model of VSI can be used. In this model, no switching strategy is used, 

and the AC side voltage is approximated as per their switching cycle moving average value. 

The disadvantages of average model are that it does not contain information on the 

harmonic spectrum of VSI output. Moreover, the model is valid only for one-third of 

switching frequency if the VSI operates in linear modulation region [169]. For an average 

model, the relation between DC link voltage and AC side voltage of a VSI is given by 

(2.22). 

Since, the equivalent average model of a VSI, given in (2.22), captures all the dynamics of 

the inverter at the modulating frequency (60 Hz), the average model is used for analytical 

studies and switching model is used for time domain simulation studies in this thesis. 

 𝑣௔௕௖ = 𝑚
௏೏೎

ଶ
   (2.22) 
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where, 𝑣௔௕௖ is the AC terminal voltage, 𝑉ௗ௖ is the dc link voltage and 𝑚 is the modulation 

index. 

The dynamics of the dc link capacitor is modelled by (2.23), 

 𝐶
𝑑𝑉ௗ௖

𝑑𝑡
=  𝐼௉௏ −  𝐼ௗ௖  (2.23) 

 C is the capacitance of the dc link capacitor, and dc current 𝐼ௗ௖ is given by (2.24). 

 𝐼ௗ௖ =  
3

4
𝑚𝑖௔௕௖  (2.24) 

𝑖௔௕௖ is the inverter output AC current. 

2.3.2.1 Design of DC link Capacitor 

The stability of DC link voltage controller depends on the DC link capacitor value (𝐶ௗ௖), 

minimum DC link voltage (𝑉ௗ௖௠௜௡), and the cross over frequency of the DC link voltage 

controller (𝜔ௗ௖) [170].  𝐶ௗ௖ is designed using (2.25) to ensure that any stability issue is 

alleviated [170]. A safety factor of 25% is added to the value of 𝐶ௗ௖ designed using 2.25. 

 𝐶ௗ௖ ≥
𝐼௦௖

𝑉ௗ௖௠௜௡𝜔ௗ௖
  (2.25) 

2.3.3 Filter and Interconnection Transformer 

The harmonics in the VSI output has to be limited within the limits imposed by the 

standards [168]. Filters are employed at VSI terminal to attenuate the harmonics generated 

by the VSI switching [171]. Filters of various degrees of complexities are available in 

literature. Low pass LC and LCL are widely employed due to simplicity and low cost [168, 

172]. In this thesis, an LC filter is used to limit the total harmonic distortion (THD) of the 

inverter output current within 5%.  

A transformer is used to transform the DG output voltage level to the distribution system 

voltage. In North America, the utility networks operate with a solidly grounded neutral and 

the PV systems have DC side grounded. Thus, a galvanic isolation is required between the 
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DC side and the distribution system [173, 174].  Usually a delta-star transformer is 

employed for this purpose. Apart from providing galvanic isolation and voltage 

transformation, the delta configuration at DG side, and star at distribution network terminal 

further help in confining the zero sequence harmonics generated by the DG at DG side 

itself [169].  

The equivalent circuit of an LCL filter is shown in Figure 2-10. 𝐿௙ is the filter inductance, 

which is connected at the inverter terminal. The resistance 𝑅௙ଵ represents the ON resistance 

of IGBT and the resistance of 𝐿௙. 𝐶௙ is the filter capacitance, and 𝑅௙ଶ is the resistance of 

the damping resistor. 𝐿௧ and 𝑅௧ are the inductance and resistance of the delta-star 

transformer used to connect the DG output to the distribution network.  

  

Figure 2-10. Model of an LCL filter 

The filter is designed based on the following criteria, 

The value of the inductance 𝐿௙ is designed such that the inverter current ripple is within 

10 -15% [82, 83, 171], and is given by (2.26). 

 𝐿௙ =  
𝑉ௗ௖

8 ∗ ∆𝑖௠௔௫ ∗ 𝑓௦
  (2.26) 

where, 𝑉ௗ௖ is the DC link voltage, ∆𝑖௠௔௫ is the maximum allowed ripple current, and 𝑓௦ is 

the switching frequency. 

The voltage drop across 𝐿௙ should not exceed 0.3 pu in inverter base.  Otherwise, if the 

voltage drop across 𝐿௙ is higher, a large DC voltage is required to provide specific AC 

𝑹𝒕 𝑳𝒕 

 
 

𝑰𝒊𝒏𝒗 𝑰𝑷𝑪𝑪 

𝑽𝒊𝒏𝒗 𝑽𝑷𝑪𝑪

𝑪𝒇 

𝑹𝒇𝟐 

𝑰𝒄 𝑽𝑬𝑷𝑪 

𝑳𝒇 𝑹𝒇𝟏 



49 

 

voltage. Typically, a value between 0.1 - 0.25 pu, is selected for 𝐿௙ to reduce the cost and 

size of reactor [169].    

The capacitance 𝐶௙ is chosen such that the reactive power consumed by the filter capacitor 

𝐶௙ is less than the 5% of the VSI rated capacity [171]. The 𝐶௙ is designed by (2.27). 

 𝐶௙ =  
𝑥 ∗ 𝑆௡

𝜔 ∗ 𝑉௅௅
   (2.27) 

 where, 𝑥 is the amount of reactive power consumed by the capacitor 𝐶௙ (should be less 

than 0.05 pu), 𝑆௡ is the rated capacity of VSI, 𝜔 is the nominal angular frequency and 𝑉௅௅ 

is the rated line-line voltage at VSI terminal. 

The resonant frequency of the designed filter should satisfy (2.28). The resonant frequency 

is computed using (2.29). 

 10𝑓଴  <  𝑓௥  < 0.5 𝑓௦  (2.28) 

where 𝑓଴ is the nominal system frequency, 𝑓௥ is the resonant frequency of the filter and 𝑓௦ 

is the switching frequency of VSI. 

 𝑓௥ =  
1

2𝜋
ඨ

𝐿௧ + 𝐿௙

𝐿௙𝐶௙𝐿௧
  (2.29) 

The damping resistance 𝑅௙ଶ is designed such that there is enough damping at the resonant 

frequency. The resistance  𝑅௙ଶ is designed according to (2.30) [175].  

 𝑅௙ଶ =  
1

3 ∗ 2 ∗ 𝜋 ∗ 𝑓௥ ∗ 𝐶௙
  (2.30) 

The dynamics of the filter is governed by (2.31). 

 𝐿௙

𝑑𝐼௜௡௩

𝑑𝑡
=  𝑉௜௡௩ − 𝑅௙ଵ𝐼௜௡௩ − 𝑉ா௉஼  (2.31) 
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𝐶௙

𝑑𝑉ா௉஼

𝑑𝑡
=  𝐼௜௡௩ − 𝐼௉஼஼ − 𝑅௙ଵ(𝐼௜௡௩ − 𝐼௉஼஼) 

𝐿௧

𝑑𝐼௉஼஼

𝑑𝑡
=  𝑉ா௉஼ − 𝑅௧𝐼௉஼஼ − 𝑉௉஼஼ 

where, 𝑉௜௡௩ and 𝐼௜௡௩ are the VSI AC terminal voltage and current. 𝑉ா௉஼ is the voltage at 

Electrical Point of Connection (EPC). 𝑉௉஼஼ and 𝐼௉஼஼ are the voltage and current at the point 

of common coupling (PCC). 

2.4 Control System for a Smart Inverter 

 

Figure 2-11. A typical PV Inverter Controller 
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A smart inverter provides multiple functions of real and reactive power support to aid in 

healthy operation of the power system. The support functions can be provided 

autonomously by monitoring system conditions or according to the instruction from the 

system operator.  The schematic of the control system for a smart inverter is shown in 

Figure 2-11. The control system consists of (i) measurement system, (ii) Phase Locked 

Loop (PLL), (iii) abc- dq transformation, (iv) current controller, (v) DC voltage controller, 

and (vi) PCC voltage controller. The functions and design of these controller blocks are 

described in following subsections. 

2.4.1 Measurement System 

The smart inverter measures the VSI output current (𝑖௜௡௩), DC link Voltage (𝑉ௗ௖), 

Electrical Point of Coupling Voltage (𝑉ா௉஼), PCC voltage (𝑉௉஼஼),  Active Power (𝑃௉௉஼), 

and Reactive Power (𝑄௉௉஼) injected into the grid for operating the VSI according to a 

desired control strategy. Due to the switching of VSI, these quantities will have 

fundamental quantities and switching side band harmonics. A measurement filter is 

employed to attenuate the side band harmonics from the measured signal. The 

measurement system however incurs delays due to signal processing, computation and 

communication of the measured signal to the controller.  Thus, the time constant 𝜏 of the 

measurement filter is incorporated to represent the delays incurred in measurement process.  

The measurement filter is modelled as a time delay for analytical studies as given in (2.32). 

 𝑣௙ =  
1

1 + 𝑠𝜏
𝑣  (2.32) 

where, 𝑣 is the input to measurement filter, 𝑣௙ is the filtered component, and 𝜏 is the time 

constant of filter. 

2.4.2 abc- dq transformation 

The AC system voltages and currents are sinusoidally varying at system frequency 𝜔, 

which requires a resonant controller to compensate the components corresponding to 

system frequency. To achieve satisfactory operation, the controller needs to be of higher 

order, and bandwidth should be larger than the frequency of the reference, which increases 

the complexity of controller.  In dq rotating reference frame, the three phase signals are 
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transformed to a reference frame, which is rotating at 𝜔. As the reference frame and signals 

are rotating at same speed, the signals appear to be dc in dq frame[176]. Thus, simple 

Proportional Integral (PI) compensators can be used, as the signals are dc in nature. It can 

ensure zero steady state error due to the infinite DC gain of a PI controller. 

The three phase signals can be transformed to dq frame by using Parks transformation as 

shown in (2.33) [176]. 

 

Figure 2-12. Vector representation of three phase signal in stationary (abc) and 

rotating (dq) reference frame. 
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(2.33) 

 

The transformation is done such that the resultant voltage and current vector remains same 

in both reference frames.  

The instantaneous power in synchronous frame is  

 𝑃 =  𝑣௔𝑖௔ + 𝑣௕𝑖௕ + 𝑣௖𝑖௖  (2.34) 

 

The active and reactive power in dq frame is given by (2.35) 
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𝑃 =   
3

2
(𝑉ௗ 𝐼ௗ +  𝑉௤ 𝐼௤ ) 

𝑄 =  
3

2
( 𝑉ௗ 𝐼௤ − 𝑉௤𝐼ௗ ) 

 (2.35) 

It can be noted from (2.35), that the active and reactive power are coupled in dq frame also. 

If the q axis component of voltage (𝑉௤ ) is made zero, the active and reactive power becomes 

decoupled, and the active power and reactive power becomes proportional to 𝐼ௗ  and 𝐼௤  

respectively as given in (2.36) [176]. 

 

𝑃 =   
3

2
(𝑉ௗ 𝐼ௗ ) 

𝑄 =  
3

2
( 𝑉ௗ 𝐼௤ ) 

 (2.36) 

This decoupled control of active and reactive power control is used in this thesis. 

2.4.3 Phase Locked Loop (PLL) 

The grid voltage angle (𝜃) is required for transforming the signals from abc frame to dq 

frame. A phase locked loop (PLL) is employed to extract the voltage angle. The schematic 

of a PLL is shown in Figure 2-13. The voltage at electrical point of coupling (𝑉ா௉஼) is 

transformed into 𝑉ௗ and 𝑉௤. The dq frame rotational angle (𝜌) is controlled by the 

compensator 𝐻(𝑠), such that 𝑉௤ is made zero. This condition is achieved when 𝜌 =  𝜃. To 

limit deviation of the PLL frequency from the network frequency, and to prevent integrator 

wind up, the compensator output is limited by a saturation block.  The voltage controlled 

oscillator (VCO) is a resettable integrator, whose output is reset to zero whenever it reaches 

2𝜋.  
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Figure 2-13. PLL Model 

2.4.3.1 Design of PLL Compensator 𝐻(𝑠)  

In order to ensure no steady state error, 𝐻(𝑠) should contain at least one pole at 𝑠 = 0  

[172]. The degree of unbalance or harmonics in the grid voltage should be considered while 

designing PLL, as they can influence the performance of PLL. Second harmonic 

component is present in unbalanced voltage, and this can be avoided if 𝐻(𝑠) is modelled 

with a low pass characteristic. But it will reduce the closed loop bandwidth of the PLL. 

Including two complex conjugate poles at 𝑠 =  ±𝑗2𝜔଴ can eliminate the second harmonic 

component. The other higher order harmonics can be removed by adding two real poles 

𝑠 =  −2𝜔଴ [172].  𝐻(𝑠) is further modified to meet the required gain margin and phase 

margin.  Lead or lead-lag compensator is added to 𝐻(𝑠) to achieve the needed phase 

margin. 

2.4.4 Current Controller 

The active and reactive power is decoupled in 𝑑𝑞 axis, and they can be independently 

controlled by controlling 𝑑 axis current (𝑖ௗ) and 𝑞 axis current (𝑖௤) as shown in (2.36). The 

active and reactive power controllers generate  𝑑 axis current reference (𝑖ௗ௥௘௙) and 𝑞 axis 

current reference (𝑖௤௥௘௙) according to the active and reactive power to be injected to the 

grid. The current controller ensures that the VSI currents 𝑖ௗ and 𝑖௤ track the references 

𝑖ௗ௥௘௙ and 𝑖௤௥௘௙ in a fast manner. 

The model of VSI in 𝑑𝑞 frame is given by (2.37),  

 𝐿௙

𝑑𝑖ௗ

𝑑𝑡
=  𝑉ௗ௜௡௩ − 𝑅௙ଵ𝑖ௗ +

𝜔଴

𝐿௙
𝑖௤ − 𝑉ௗ  (2.37) 
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𝐿௙

𝑑𝑖௤

𝑑𝑡
=  𝑉௤௜௡௩ − 𝑅௙ଵ𝑖௤ +

𝜔଴

𝐿௙
𝑖௤ − 𝑉௤ 

where, inverter terminal voltage 𝑉ௗ௜௡௩ and 𝑉௤௜௡௩ are given by,  

 

𝑉ௗ௜௡௩ =  𝑚ௗ

𝑉ௗ௖

2
 

𝑉ௗ௜௡௩ =  𝑚௤

𝑉ௗ௖

2
 

 (2.38) 

𝑚ௗ and 𝑚௤ are the dq axis modulation indices generated by the current controller, 𝐿௙ is 

the filter inductance, 𝜔଴ is the synchronous frame frequency, 𝑉ௗ௖ is the DC link voltage, 

and 𝑅௙ଵ is the sum of ON resistance of IGBT and filter resistance.  

As 𝑖ௗ and 𝑖௤ are coupled in (2.37), the modulation indices 𝑚ௗ and 𝑚௤ are computed using 

(2.39). 

 

𝑚ௗ =  
2

𝑉ௗ௖
൫𝑢ௗ − 𝐿௙𝜔଴𝑖௤ + 𝑉ௗ൯ 

𝑚௤ =  
2

𝑉ௗ௖
൫𝑢௤ + 𝐿௙𝜔଴𝑖ௗ + 𝑉௤൯ 

 (2.39) 

𝑢ௗ and 𝑢௤ are new control inputs. By substituting (2.39), and (2.38) in (2.37), the VSI 

model becomes (2.40),    

 

𝐿௙

𝑑𝑖ௗ

𝑑𝑡
=  −𝑅௙ଵ𝑖ௗ + 𝑢ௗ 

𝐿௙

𝑑𝑖௤

𝑑𝑡
=  −𝑅௙ଵ𝑖௤ + 𝑢௤ 

 (2.40) 

Thus the 𝑖ௗ and 𝑖௤ dynamics become decoupled and they can be controlled independently. 

The d axis compensator processes 𝑖ௗ௥௘௙ − 𝑖ௗ and generates 𝑢ௗ. Similarly, q axis 
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compensator processes 𝑖௤௥௘௙ − 𝑖௤ and generates 𝑢௤. Thus, the current controller computes 

𝑚ௗ and 𝑚௤ using (2.39). 

The schematic of a current controller is shown in Figure 2-14. The saturation block is 

employed in current controller to protect the VSI from instantaneous over current and 

network faults [169].  

 

Figure 2-14. Block Diagram of Current Controller 

2.4.4.1 Design of Current Controller 

The simplified block diagram of the current controlled inverter is depicted in Figure 2-15. 

A proportional integral (PI) controller is employed to control d axis current 𝑖ௗ and q axis 

current 𝑖௤ at the references 𝑖ௗ௥௘௙ and 𝑖௤௥௘௙. The PI controller parameters 𝐾௣ and 𝐾௜ are 

designed based on the required closed loop phase margin and gain margin of the simplified 

current controller, shown in Figure 2-15. The controller is designed so that the closed loop 

bandwidth is at least 10 times smaller than the switching frequency of VSI [172]. 
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Figure 2-15. Simplified diagram of the current controlled inverter. 

2.4.5 DC link Voltage Controller 

The PV panel power output depends upon the DC voltage across the PV panel terminals as 

shown in Figure 2-9. The objective of DC link voltage controller is to maintain the DC link 

voltage (𝑉ௗ௖) at the reference voltage (𝑉ௗ௖௘௙) to extract the corresponding power from the 

solar panels.  

The power balance equation across the DC link capacitor is defined by (2.41), 

 
𝐶

2

𝑑𝑉ௗ௖
ଶ

𝑑𝑡
 ≅  𝑃௉௏ − 𝑃௏ௌூ  (2.41) 

Where, 𝑃௉௏ is the power generated by the solar panel, 𝑃௏ௌூ is the power fed by the VSI to 

grid, 𝐶 is the capacitance of the DC link capacitor. 

The control of DC link voltage ensures that power balance is met and the generated power 

from solar panel is fed to grid through VSI. The DC link controller generates the real axis 

current reference (𝑖ௗ௥௘௙) for the current controller, such that the DC voltage is maintained 

at the reference and the maximum active power is transferred to the grid. The structure of 

a DC link voltage controller is shown in Figure 2-16. Usually, the MPPT controller 

determines the 𝑉ௗ௖௘௙, which corresponds to the maximum power point operation of the 

solar panels. 
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Figure 2-16. Block diagram of DC link voltage controller. 

2.4.5.1 Design of DC link Voltage Controller 

𝑉ௗ௖
ଶ  is controlled as it gives a linear relationship with 𝑃௏ௌூ. The DC link voltage controller 

tries to minimize the error (𝑉ௗ௖௥௘௙
ଶ − 𝑉ௗ௖

ଶ ). The DC link voltage controller consists of a PI 

controller, and a lead compensator to ensure the required phase margin.  The closed loop 

DC controller has minimum phase, when VSI is feeding power to the DC terminal. But, in 

a PV system without energy storage, the minimum phase occurs when the active power 

output of solar panel is zero. So, the controller is designed for this operating point to ensure 

that the designed controller can ensure minimum phase margin for all the operating 

conditions [172]. 

2.4.6 PCC voltage controller 

The smart inverter can provide reactive power support to the system. Various reactive 

power control strategies are employed to provide reactive power support, viz., (i) dynamic 

current in proportional to drop in PCC voltage (𝑉௣௖௖) during transients, (ii) constant power 

factor operation or (iii) by regulating 𝑉௣௖௖ at the reference value [89].  

The dynamic current support is provided by setting 𝑖௤௥௘௙ according to the dynamic reactive 

current curve given in Figure 1-14.  For power factor control, the 𝑖௤௥௘௙ is calculated using 

(2.42). 

 𝑖௤௥௘௙ =  tan(cosିଵ(𝑝𝑓)) ∗ 𝑖ௗ௥௘௙  (2.42) 

Where, 𝑝𝑓 is the power factor set point. 
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For regulating 𝑉௣௖௖ at the reference (𝑉௣௖௖௥௘௙), PCC voltage control is employed. The 

schematic of a PCC voltage controller is shown in Figure 2-17. The reactive power output 

of the VSI is controlled to regulate the PCC voltage. The compensator generates 𝑖௤௥௘௙ for 

the current controller such that the error (𝑉௣௖௖௥௘௙ − 𝑉௣௖௖) is minimized.  

𝑉௣௖௖ is the PCC voltage calculated by the controller in dq frame using (2.43). 

 𝑉௣௖௖ =  ට𝑉௣௖௖ௗ
ଶ + 𝑉௣௖௖௤

ଶ   (2.43) 

Where, 𝑉௣௖௖ௗ and 𝑉௣௖௖௤ are the d and q axis components of PCC voltage computed by the 

abc-dq transformation block. 

 

Figure 2-17. Block Diagram of PCC Voltage Controller. 

2.4.6.1 Design of PCC Voltage Controller 

A proportional controller or proportional integral (PI) controller is used for PCC voltage 

controller. The controller parameters are selected such that the bandwidth of the PCC 

voltage controller is at least three times lower than the bandwidth of the q axis current 

controller [172]. 

2.4.7 PWM Unit 

The PWM unit generates the switching pulses for IGBT switches of VSI. Sinusoidal PWM 

modulation technique is used to generate the switching pulses [168]. The modulation 

indices (𝑚ௗ and 𝑚௤ ) generated by the current controller is projected to the abc frame using 

the voltage angle information from the PLL, to generate the modulation signal. A triangular 

wave of 10 kHz is used as the carrier wave.  
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2.5 Model of Large PV Plant 

The single line diagram of a large PV plant is shown in Figure 1-8. As discussed in Sec. 

1.5.2, a large PV plant is spread across a large geographic area having multiple inverters, 

solar panels and pad mount transformers, connected to the substation transformer through 

collector cables [87, 88].  

2.5.1 Detailed Model of inverter units in a Large PV plant 

For studying the dynamics within the PV plant, each inverter unit is modelled in detail. 

The PV array, DC link capacitor, inverter, and pad mount transformer of each individual 

inverter unit in the PV plant is modeled in detail as explained in Sec. 2.3. 

2.5.1.1 Collector System 

The inverters in the PV plant are connected to the substation transformer through collector 

cables. The collector cables are modelled by their equivalent  𝜋 models. The equivalent 𝜋 

model of a collector cable is similar to the model of distribution line discussed in Sec. 2.2.2.  

2.5.2 Equivalent model of inverter units in a Large PV plant 

The modeling of the complete PV plant is tedious and complex task. An equivalent positive 

sequence model for a transmission connected large PV plant is developed by the Western 

Electricity Coordinating Council (WECC) [87], which can give an average response of the 

inverters in the plant. The equivalent model can capture the dynamics of a large PV plant, 

but not the dynamics within the plant itself [87]. The developed model can be used for 

studying the response of the plant for balanced faults external to the PV plant.  This model 

can be used for analyzing electrical phenomenon in 0-10 Hz frequency range. The model 

performs accurately in a transmission system with SCR greater than two [87]. 
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Figure 2-18. Equivalent Model of a large PV plant. 

2.5.2.1 Equivalent Generator Model 

In the average model, the dynamics in the DC side (PV arrays, inverter DC link and DC 

link voltage controller) are neglected [87]. Thus, in this thesis, the equivalent model is 

modelled as the average model of the VSI as given in Sec. 2.22, with constant dc link 

voltage. 

The equivalent pad mounted transformer is modelled as discussed in Sec. 2.2.3. 

The equivalent impedance is calculated from PV plant data as explained in [177]. 

 𝑍௘௤ =  
𝑍

𝑛௜௡௩
  (2.44) 

where, 

𝑍 = impedance of a single pad mount transformer. 

𝑛௜௡௩  = number of inverters connected to a pad mounted transformer. 

2.5.2.2 Equivalent Collector System 

The cable impedances vary as the inverters are spread across a large geographical area.  In 

the equivalent model, the cable dynamics are represented by an equivalent collector 

system. A method to calculate parameters of equivalent model is discussed in [177]. The 

𝜋 model representation of the equivalent collector system is used in the simulation system. 

The equivalent collector system 𝜋 model is similar to the model of distribution line 

discussed in Sec. 2.2.2.  
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The series impedance of the equivalent collector system is calculated using (2.45). 

 𝑍௘௤ =  
∑ 𝑚ଶ𝑍௠

௡
௠ୀଵ

𝑛ଶ
  (2.45) 

where, 

𝑛 = number of inverters. 

m = running index  

𝑍௠  = impedance of a branch. 

The shunt impedance of the equivalent collector system is calculated using (2.46)  

 𝐵௧௢௧ =  ෍ 𝐵௜

௡

௠ୀଵ

  (2.46) 

𝑛 = number of branches. 

m = index  

𝐵௜  = susceptance of a branch. 

Detailed or equivalent model of the inverter units are selected based on the study 

objectives. To study the average response of the PV plant, the equivalent model is 

sufficient. However, to study interactions between the inverter units in a plant, or the 

dynamics within the plant, the detailed model of the PV plant is required. 

2.5.3 Plant Level Controller 

The plant level controller provides control instructions to the individual inverter level 

controllers to regulate active and reactive power outputs of the plant. The functions of plant 

level controller are discussed in detail in Sec. 1.5.2.1. The plant level controllers are slower, 

having time constant between  0.15 – 5 sec [87]. 



63 

 

2.5.4 Inverter Level Controller 

The inverter level controller generates the switching signals to the inverter to provide 

active and reactive power according to the active (𝑃௣௥௘௙) and reactive power (𝑄௣௥௘௙)  

references provided by the plant level controller. 

The controller structure of an inverter level controller is similar to the controller for 

distributed PV discussed in Sec. 2.4. Since in equivalent model, the DC side dynamics are 

neglected, the DC voltage controller is eliminated, and the real current reference (𝑖ௗ௥௘௙) is 

generated from 𝑃௣௥௘௙ using (2.47). 

 𝑖ௗ௥௘௙ =  
2𝑃௣௥௘௙

3𝑉ா௉஼ௗ
  (2.47) 

In detailed model, the real current reference (𝑖ௗ௥௘௙) is provided by the DC link voltage 

controller to operate the PV panels at MPPT, as discussed in Sec. 2.4.4 

Apart from PCC voltage control, fixed power factor operation and dynamic reactive power 

discussed in Sec. 2.4.6, the inverter can provide reactive power according to 𝑄௣௥௘௙  

provided by the plant level controller. The reactive current reference (𝑖௤௥௘௙) is calculated 

from 𝑄௣௥௘௙ using (2.48). 

 𝑖௤௥௘௙ =  
2𝑄௣௥௘௙

3𝑉ா௉஼ௗ
  (2.48) 

2.6 Structure of PV-STATCOM Controller  

The proposed PV-STATCOM controller is designed with an objective of providing fast 

voltage support to the system during a transient to ensure fast voltage recovery with 

minimal active power curtailment. The schematic of a PV plant with proposed PV-

STATCOM controller is shown in Figure 2-19. During a transient, the PV-STATCOM 

controller disables the conventional control of PV inverter and provides real (𝑖ௗ௥௘௙) and 

reactive current reference (𝑖௤௥௘௙) to the current controller.  In large PV plant, the proposed 

controller is embedded in inverter level controller to provide fast support.  The PV-
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STATCOM controller consist of a mode selector, active power controller and reactive 

power controller.   

A general overview of the different components of the PV-STATCOM controller is 

presented in this subsection. In Chapter 3 and 5, PV-STATCOM controller is developed 

for a distribution system to provide fast support to critical induction motor. In Chapter 6, a 

PV-STATCOM controller to mitigate FIDVR in transmission system is proposed. The 

detailed structure of the proposed controllers for distribution and transmission system are 

provided in the corresponding chapters. 

2.6.1 Mode Selector 

Proposed PV-STATCOM controller modulates the active and reactive power based on the 

system need in case of a system disturbance/fault, to ensure fast recovery. The operation 

of the controller can be classified into different modes according to the control objective, 

which are discussed in later chapters. The Mode Selector Block continuously monitors the 

system variables and decides the mode of operation.  

2.6.2 Active Power Controller 

The active power controller generates active power reference for the various modes of 

operation of the proposed controller.  

2.6.3 Reactive Power Controller 

The reactive power reference for the various modes of operation is generated by the 

reactive power controller. 
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Figure 2-19. A PV plant with proposed PV-STATCOM controller 

2.7 Conclusion 

The detailed modeling of various components of a PV solar farm connected to an electrical 

network is presented. The modeling of various controller blocks of a PV inverter controller 

is presented along with the design strategies for each controller block. Modeling of a large 
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PV plant used for simulation studies is presented.  The overview of the proposed PV-

STATCOM controller structure is also described. 
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Chapter 3  

3 PV-STATCOM Control for Stabilizing a Remote Critical 
Induction Motor 

3.1 Introduction 

This chapter presents a novel night and day autonomous control of PV solar farm as 

STATCOM, termed PV-STATCOM, for preventing instability of critical induction motors 

(IMs) whose shutdown during faults, even temporarily, can cause significant financial loss 

to industrial facilities. At the occurrence of a network fault that can likely destabilize the 

critical IM, the solar farm disables its real power production temporarily (typically for few 

seconds), transforms into a STATCOM and provides dynamic voltage support to prevent 

motor instability. Once satisfactory voltage conditions are created for stable operation of 

IM, the solar farm autonomously returns to its pre-disturbance real power production level. 

The proposed control using entire PV inverter capacity provides enhanced voltage control 

up to utility Temporary Overvoltage limits. The effectivess of PV-STATCOM control is 

investigated for ensuring stable operation of critical IM: i) even if located 15-20 km away, 

ii) with very large delay in communication of motor terminal voltage to PV farm, and iii) 

for wide-ranging system parameters and operating conditions. The performance of remote 

PV-STATCOM in providing similar motor stabilization as a locally connected STATCOM 

is studied. Furthermore, it is shown that the solar farm with PV-STATCOM capability is 

able to stabilize IM while implementation of dynamic current injection capability on solar 

farm as specified in grid codes is unable to do so. 

The proposed PV-STATCOM control for motor stabilization is simulated in MATLAB 

Simulink for the 10 kW PV solar farm located at Bluewater Power Distribution Corporation 

Sarnia, ON, Canada. Subsequent studies are performed on a realistic feeder in Canada to 

show the effectiveness of proposed PV-STATCOM control strategy for variation of key 

system parameters viz., (i) system strength, (ii) distance between the PV solar farm and the 

critical induction motor, (iii) 
ଡ଼

ୖ
 ratio, and (iv) depth of voltage sag. Further studies are 

performed to show the effectiveness of the proposed controller to stabilize a combination 

of multiple industrial motors.  
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3.2 Study System 

Two study systems are utilized in this chapter for performing different studies, as described 

below. 

3.2.1 Study System 1  

MATLAB Simulink based simulation studies are performed for the 10 kW PV solar 

farm located at Bluewater Power Distribution Corp., Sarnia, ON, Canada. The single line 

diagram of the test system is presented in Figure 3-1. The study system consists of a PV 

array rated at 10 kW, 280 V, and 49 A. The PV power is fed into the distribution system 

using an existing three-phase inverter rated at 10 kVA, 600 V, and 9.6 A, which is 

connected to the Bluewater distribution network. A 5 hp IM 𝑀ଵ is considered as the critical 

motor for this study.  

 

Figure 3-1. Single Line Diagram of study system 1. 
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Although the critical motor is physically located at the site of the solar farm, its 

effective distance from the solar farm is varied by using a variable inductor 𝐿ଶ which is 

inserted through switch 𝑆ସ. The delay in communication of motor terminal voltage signal 

to the solar farm is implemented in software. The overall delay represents: i) the 

communication delay between motor terminal and PV-STATCOM, and ii) the 

communication delay between master control and individual inverter controllers in an 

actual PV solar farm. The latency for fiber optic cable is 3.34 𝜇𝑠/𝑘𝑚 [178] and the 

communication delay incurred in a PV solar farm plant control is approximately 100 ms 

[88]. Thus, the delay in the study system with a distance of about 15.6 km between the IM 

and the PV solar farm is 100.05 ms and is approximated as 100ms.  

A large system disturbance is created by turning on a large inductive load of 10 kvar at the 

motor terminal using switch 𝑆଻. The inductor  𝐿ଵ is used to vary the short circuit ratio of 

the system. A 3 hp motor 𝑀ଶ is used for the maximum power point tracking of the PV 

panels.  

3.2.2 Study System 2 

PSCAD/EMTDC simulation studies are also conducted on a realistic 45 km long 27.6 

kV feeder in Ontario, Canada [179] to investigate the impact of key system parameters on 

the performance of the proposed PV-STATCOM controller.  The single line diagram of 

the study system 2 is shown in Figure 3-2. The transformer 𝑇ଵ is rated 115 kV/27.6 kV, 32 

MVA with 5% impedance. The distribution lines are represented by their equivalent π 

models. Resistances 𝑅்௅ଵ, 𝑅்௅ , 𝑅்௅ଷ and inductances 𝐿்௅ , 𝐿்௅ଶ, 𝐿்௅  denote the 

resistance and inductance of distribution lines between Bus 2 and Bus 3, Bus 3 and Bus 4, 

and Bus 4 and Bus 5, respectively. A 6-MW PV solar farm is connected to the feeder at 

bus 3 which is 25 km away from the IM loads. A total load of 5.3 MVA at 0.9 power factor 

is connected at feeder end. For simulation studies, 50% of loads are modelled as IM loads 

and other 50% as voltage dependent static loads. The IM loads are rated at 4 kV [180] and 

are connected through a transformer rated 27.6kV/4 kV and 5% impedance.  

The inductor 𝐿௙, capacitor 𝐶௙,  and inductance of ∆ − 𝑌 transformer constitutes the LCL 

filter. 𝑅௙ଵ and 𝑅௙ଶ  represents the resistance of inductor and capacitor respectively. To 
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provide 24/7 PV-STATCOM operation, modifications are made in the PV inverter system. 

In a PV inverter system, the dc link capacitor is charged from the PV solar panel, during 

start up. But at night, the PV panel is idle, and therefore a charging circuit is added for 

nighttime dc link capacitor charging. This is accomplished by keeping switch 𝑆ଶ on and 𝑆ଵ 

off. Once the capacitor voltage reaches the peak of ac phase voltage, switch 𝑆ଵ is turned 

on, and 𝑆ଶ is turned off. The PV inverter thus become ready to function as a STATCOM 

at night. 

The voltage at motor terminal is denoted as 𝑉௠, which is measured and communicated 

(through a fiber optic cable) to the PV-STATCOM controller incurring a delay in the 

process. The overall delay represents: i) the communication delay between motor terminal 

and PV-STATCOM, and ii) the communication delay between master control and 

individual inverter controllers in an actual PV solar farm. The latency for fiber optic cable 

is 3.34 𝜇𝑠/𝑘𝑚 [178] and the communication delay incurred in a PV solar farm plant 

control is approximately 100 ms [88]. Thus, the delay in the study system with a distance 

of about 25 km between the IM and the PV solar farm is 100.08 ms and is approximated 

as 100ms. 

 

Figure 3-2. Single Line Diagram of the study system 2. 

3.3 Study System with PV-STATCOM Control 

The PV inverter (as PV-STATCOM) is connected to the PCC bus in both Study Systems 

1 and 2. Figure 3-3 (a) illustrates the PV inverter connected to study system 2 at PCC bus. 

Figure 3-3 (b) and (c) depict the conventional PV inverter controller and the proposed PV-
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STATCOM controller, respectively, used in studies relating to both Study System 1 and 

Study System 2.  

 Figure 3-3 (b) shows the structure of a conventional PV inverter control used in studies 

for both Study Systems 1 and 2. It consists of dc link voltage controller and power factor 

controller, inner current controller and PLL, as discussed in Sec. 2.4. 

 

Figure 3-3. Single Line Diagram of a PV system connected to Study System 2 with 

the architecture of the proposed PV-STATCOM controller. 

3.3.1 PV-STATCOM Controller 

The proposed PV-STATCOM controller is illustrated in Figure 3-3 (c).  It consists of: i) 

Operation Mode selector, ii) Active Power Controller, iii) Reactive Power Controller, and 

iv) Night time Voltage Controller. During a system disturbance, the PV-STATCOM 

controller generates the reference signals for real current (𝑖ௗ௥௘௙)  and reactive current 
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(𝑖௤௥௘௙) for the inner current controller based on 𝑉௣௖௖ and 𝑉௠, to ensure fast recovery of the 

critical IM.  

The functioning of different blocks of the proposed PV-STATCOM controller is 

described below. 

3.3.1.1 Operation Mode Selector 

The proposed PV-STATCOM control functions in four modes of operation described 

below. These modes are decided by the Operation Mode Selector block based on 𝑉௣௖௖, 𝑉௠, 

and active power output of PV solar farm (𝑃௣௩).  

The Operation Mode Selector periodically compares 𝑃௣௩ with a small value (selected as 

0.05 pu) to determine if PV-STATCOM operation is being performed during day (𝑃௣௩ 

>0.05 pu) or night (𝑃௣௩ <0.05 pu), setting flag M0 to 1 or 0, respectively.  

The operation of the controller during various modes are discussed below. 

3.3.1.1.1 Mode 1 (represented by flag M1 and M1PV) 

This is Variant 1 of the Full-STATCOM mode. If 𝑉௠ goes below a predetermined 

threshold value 𝑉௠_௥௘௙ (considered to be 0.8 pu for this study), Mode 1 operation is selected 

by setting 𝑀ଵ=1, and correspondingly 𝑀ଵ௉௏  = 1 during day time.  

During night time operation, the flag 𝑀ଵ௉௏ is disabled to 0, and  𝑉ௗ௖ is set to 𝑉ௗ௖௥௔௧௘ௗ, 

which is set at double of 𝑉௣௖௖ to ensure the proper operation of SPWM modulated inverter 

during night time [31]. During daytime, 𝑀ଵ௉௏ is enabled and active power is curtailed to 

zero by the active power controller. The full inverter capacity is utilized for injecting 

reactive power to the system by setting 𝑖௤௥௘௙ = −1. The controller continues Mode 1 

operation till 𝑉௣௖௖  does not exceed the TOV limit specified by the grid operator (𝑉 ை௏_௅). 

According to the transient overvoltage curve [90], an overvoltage between 1.06 pu and 1.3 

pu is permitted for a maximum period of 166 msec. The proposed PV-STATCOM control 

strategy utilizes this extra room for reactive power support for stabilization of the critical 
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motor. Flag 𝑀ଵ is kept enabled for 150 msec (slightly less than 166 msec), since the 𝑉௣௖௖ 

exceeds 1.06 pu. 

3.3.1.1.2 Mode 2 (represented by flag M2 and M2PV) 

This is Variant 2 of the Full-STATCOM mode. In this mode, flag 𝑀ଶ is enabled and 

maximum reactive power is injected into the grid with the objective of maintaining 𝑉௣௖௖ at 

its steady state voltage  limit of 1.06 pu. During day time flag 𝑀ଶ௉௏ is enabled and active 

power is ramped to the pre-disturbance level (𝑃௣௥௘) by using the remaining inverter 

capacity. The dc voltage controller is disabled and the 𝑖ௗ௥௘௙ is calculated by the power 

ramp function in active power controller using ( 3-1).  

 𝑖ௗ௥௘௙ =  
2𝑃௥௔௠௣

3𝑣ௗ
 ( 3-1) 

𝑃௥௔௠௣ is the instantaneous value of active power ramp. The 𝑖ௗ௥௘௙  calculated using (3-1) 

is passed through the saturation block to limit it to within the available inverter capacity. 

The limits of saturation block (𝑖ௗ௟௜௠௜௧) are calculated using (3-2).  

 𝑖ௗ௟௜௠௜௧ = ± ට𝐼௠௔௫
ଶ − 𝑖௤௥௘௙

ଶ  ( 3-2) 

where, 𝐼௠௔௫ is the rated inverter current. 

During night time, 𝑀଴ = 0. Hence, 𝑀ଶ௉  (and 𝑀ଷ௉ ) get disabled and consequently 

𝑀ଶଷ௉௏=0. DC voltage controller then regulates 𝑉ௗ௖ to 𝑉ௗ௖௥௔௧௘ௗ. The inverter operates in 

this mode until 𝑉௠ reaches an acceptable limit (i.e. prefault voltage 𝑣௣௥௘). 

3.3.1.1.3 Mode 3 (represented by flag M3PV) 

This is the Partial-STATCOM mode, and it is enabled during day time while ramping 

active power to pre – disturbance 𝑃௉௏ (𝑃௣௥௘). Once 𝑉௠ reaches its pre-fault voltage, Mode 

3 operation is enabled by setting 𝑀ଷ௉௏ = 1, and subsequently 𝑀ଶଷ௉௏ = 1. The active power 

is ramped to the maximum value according to available solar irradiance using active power 

controller.  
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The dc voltage controller is disabled, and 𝑖ௗ௥௘௙ is calculated by the power ramp function 

in active power controller using (3-1). The remaining inverter capacity is simultaneously 

used for dynamic reactive power support to maintain 𝑉௣௖௖ at 1.06 pu. The 𝑖௤௥௘௙ generated 

by PCC voltage controller is limited by the saturation block using (3-3), to ensure the 

maximum current rating of inverter is not violated.   

 𝑖௤௟௜௠௜௧ = ± ට𝐼௠௔௫
ଶ − 𝑖ௗ௥௘௙

ଶ  ( 3-3) 

The Mode 3 operation is continued till 𝑃௉௏ reaches the maximum available power. One 

practical way of checking is that  𝑃௉௏ is at least 0.95 times pre – disturbance 𝑃௉௏ (𝑃௣௥௘).    

The PCC voltage control during Mode 3 allows a fast ramp rate for active power without 

violating PCC voltage limit. This is a novel feature of the proposed control and allows to 

ramp-up much fast than the rates specified in grid codes such as [90].  

3.3.1.1.4 Mode 4 (represented by flag M4) 

In this mode, during day time, the PV system generates the maximum available active 

power at the power factor specified by the system operator. During night time, it regulates 

𝑉ௗ௖ at 𝑉ௗ௖௥௔௧௘ௗ and remains on standby for Full STATCOM operation.  

3.3.1.2 Active Power Controller 

The Active Power Controller block generates 𝑖ௗ௥௘௙ for the proposed control strategy. 

This block consists of a dc voltage reference generator and active power ramp up functions. 

During Mode 1 operation, the 𝑉ௗ௖௥௘௙ is set at open circuit voltage of PV panels (𝑉௢௖) by the 

dc voltage reference generator to curtail the active power generation. Active power ramp 

up function generates  𝑖ௗ௥௘௙ during Mode 2 and 3. 

3.3.1.3 Reactive Power Controller 

The Reactive Power Controller block determines 𝑖௤௥௘௙ for the various modes of operation 

of proposed PV-STATCOM control. It consists of PCC voltage controller and a reactive 

current reference generator. During Mode 1, the reactive current reference generator 
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increases the current  𝑖௤௥௘௙ = −1 in time 𝑡ଵ , to utilize the full inverter capacity to provide 

reactive support. In Mode 2 and 3, the PCC voltage controller controls the 𝑉௣௖௖. 

3.3.1.4 Night time Voltage Controller 

During night time, this block masks the operation of Active Power Controller block. It 

maintains 𝑉ௗ௖ at 𝑉ௗ௖௥௔௧௘ௗ, and operates PV inverter as a STATCOM at night, as needed. 

3.4 Simulation Stuies on study system 1 
The effectiveness of the proposed PV-STATCOM controller in stabilizing the 5 hp motor 

is first studied using MATLAB Simulink software. The results are presented below.  

3.4.1 Performance of the proposed PV-STATCOM controller  

Two cases are shown in Figure 3-4. The solid lines show the performance of the IM and 

the PV solar farm with PV-STATCOM controller (stable motor operation), and dashed 

lines show the operation without PV-STATCOM control (unstable motor operation). 

Figure 3-4 (a)-(h) depict the PCC rms voltage (𝑉௣௖௖) and motor terminal rms voltage (𝑉௠), 

reactive and active power output of the inverter, IM speed, IM torque,𝑖௤, 𝑖ௗ, 𝑉ௗ௖, and 

converter terminal voltage, respectively. 

t < 1.25 s. 𝑉௣௖௖ and 𝑉௠ are 1.05 and 1.02 pu, respectively. The PV inverter is operating 

in Mode 4 by injecting the maximum available active power at unity power factor. The 

induction motor is providing 0.75 pu load torque at 2% slip.  

t = 1.25 s. A large disturbance is created at the motor terminal by connecting a 10 kvar 

inductive load. This causes 𝑉௠ to drop below 0.8 pu. The active power injected by PV solar 

farm reduces slightly due to the drop in 𝑉௣௖௖. The motor speed starts to reduce, and the 

motor torque become oscillatory due to the voltage reduction. 

t = 1.35 s. A 100 ms communication delay is considered between the voltage 

measurement at motor terminal and its receipt at the PV solar farm. Due to this delay, the 

controller detects the drop in 𝑉௠ at t=1.35 s, and switches to Mode 1 operation. The active 

power is curtailed, and the full inverter capacity is used to inject reactive power. Due to  
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Figure 3-4. Response of the IM and PV-STATCOM 

this fast-reactive current injection, the motor speed starts to recover, and it rapidly restores 

steady state torque.  
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Without PV-STATCOM control, the PV system continues operating at unity power 

factor (UPF). The voltages at PCC and motor terminal decrease. The motor torque declines 

and the motor eventually stall. 

t = 1.58 s. 𝑉௣௖௖ crosses the steady state limit of 1.06 pu at 1.58 s. In order to provide 

maximum reactive power support, the inverter continues to operate in Mode 1 without 

violating the TOV limit 𝑉 ை௏_௅ over the maximum allowable duration (166 ms) of 

overvoltage (between 1.06 pu and 1.3 pu) per IEEE Std. 1547-2018 [90]. 

t = 1.72 s. The inverter switches to Mode 2 operation. In this mode, 𝑉௣௖௖ is regulated at 

1.06 pu. During this period, the PV-STATCOM injects 0.8 pu reactive power for 

maintaining the PCC voltage and 0.6 pu active power is generated utilizing the remaining 

inverter capacity. The IM is able to provide steady state torque at an acceptable slip of 6%, 

even though 𝑉௠ has reduced to 0.9 pu.   

t = 2 s. The large load is disconnected. This causes motor voltage 𝑉௠ to ramp up. 

t = 2.03 s. The motor terminal voltage reaches the pre-fault voltage level and the PV-

STATCOM switches to Mode 3 operation. The active power is ramped up to the maximum 

available power in about 1.5 cycles without causing any oscillations in the PCC voltage on 

𝑉௣௖௖.  

t = 2.12 s. The controller switches to Mode 4 and the inverter starts operating at unity 

power factor (UPF). 

This study shows that the proposed PV-STATCOM control can stabilize the IM, which 

would have stalled otherwise. 

3.4.2 Advantage of utilizing voltage control up to TOV limit 

The performance of the PV-STATCOM controller for stabilizing the IM utilizing the 

TOV limit and without it are now compared for a large disturbance at motor terminal. The 

results are illustrated in Figure 3-5.  For this study, a 15 kVA PV solar farm is considered 

and the distance between the PV solar farm and the IM is increased to 20 km. Figure 3-5 
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(a)-(f) depict 𝑉௣௖௖, 𝑉௠, reactive power of the PV-STATCOM, IM speed, IM torque, and 

converter terminal voltage respectively. 

A large load is connected at 1.25 s. The PV starts Mode 1 operation at 1.35 s. 𝑉௣௖௖ violates 

the steady state limit of 1.06 pu. If the TOV limit is not utilized, the controller switches to 

Mode 2 operation by enabling PCC voltage control at 1.06 pu. On the other hand, if TOV 

limit is utilized, the controller continues Mode 1 till 1.52 s, and then switches to Mode 2 

operation. The large load is disconnected at 1.75 s. 

For the controller not utilizing the TOV limit, the motor become unstable and continues 

consuming a large reactive power beyond 1.75 s. Due to this large reactive power 

consumption, 𝑉௠ fails to reach its pre-fault level. The motor speed reduces further, and it 

fails to provide the load torque. 

 

Figure 3-5. Comparison of the performance of the PV-STATCOM controller utilizing 

TOV limit and not utilizing TOV limit for stabilizing a remote IM. 



79 

 

For the controller utilizing the TOV limit, 𝑉௠ increases and reaches its pre-fault voltage 

at 2.25 s. The controller switches to Mode 3 operation at 2.25 s and ramps up the active 

power. The motor accelerates to normal speed of 2.25% slip and starts delivering its pre-

fault torque. 

This study demonstrates that the enhanced reactive power support utilizing the TOV limit 

ensures stable operation of a critical motor even for a severe disturbance, whereas control 

without this extended support could fail.  

3.4.2.1 Importance of monitoring the motor voltage: 

In Figure 3-5, it is further observed that when 𝑉௣௖௖ reaches the pre-fault voltage at 1.36 

s, the motor terminal voltage is only 0.8 pu. Therefore, a controller based on control of 

PCC voltage only will discontinue voltage support at 1.36 s and will fail to stabilize IM. 

This study thus shows that for effective stabilization of remotely located IMs, the controller 

must be based on both the motor terminal voltage and PCC voltage. 

3.4.3 Comparison of STATCOM and PV-STATCOM operation 

The effectiveness of the proposed PV-STATCOM controller for stabilizing a remotely 

located IM is now compared with a STATCOM of same capacity located at the motor 

terminal itself. The response of the 5 hp IM during a large disturbance with: (a) with a 10 

kvar STATCOM located at motor terminal and (b) 10 kVA PV-STATCOM located 15.6 

km away from the motor terminal with 100 msec delay are depicted in Figure 3-6.   

The STATCOM for this study is modelled according to [9]. Figure 3-6 (a)-(d) represent 

the motor terminal voltage 𝑉௠, STATCOM or PV-STATCOM reactive power output, IM 

speed, and IM torque, respectively. 

A large load of 10 kvar is connected at IM terminal at t=1.25 s. The STATCOM located 

at IM terminal starts injecting reactive power immediately to support 𝑉௠, and continues 

providing the support till  𝑉௠ recovers. The response of the remote PV-STATCOM 

controller is same as the response in Sec. 3.4.1. 
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Figure 3-6. Comparison of a remotely located PV-STATCOM and locally located 

STATCOM for stabilizing an IM for a large disturbance at the motor terminal. 

This study shows even if the PV-STATCOM is located 15.6 km away from the critical 

motor, it can still stabilize the motor during a large disturbance in a similar manner as a 

STATCOM located at the motor terminal. 

3.5 Simulation Studies on study system 2 

The PV-STATCOM performance is now investigated on Study System 2 comprising a 

realistic 27.6 kV utility distribution feeder in Ontario, Canada. Simulation studies are 

conducted with PSCAD/EMTDC software. The PV-STATCOM performance over a wide 

range of key system parameters/conditions is evaluated in terms of Critical Clearing time 

(CCT) which is defined as the maximum fault duration for a three phase fault at Bus 1 for 

which the IM will not stall. The system parameters considered are (i) system strength, (ii) 

distance between the PV solar farm and the critical induction motor, (iii) 
௑

ோ
  ratio, and (iv) 

depth of voltage sag. The results of these simulation studies are presented in this section. 
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The pre fault Bus 1 voltage and IM terminal voltage are maintained at 1.03 pu and 1.01 

pu, respectively, for all the studies. 

3.5.1 Impact of system strength 

The short circuit ratio (SCR) of the feeder at Bus 3 is 3.0. Simulation studies are 

conducted for SCR of 1.5, 3, and 6. The impact of SCR is examined by: (i) calculating the 

critical clearing time, (ii) plotting the response of the PV-STATCOM controller for the 

same fault with various system strengths. 

The response of PV-STATCOM controller for a three phase fault at Bus 1 for various 

SCR is shown in Figure 3-7.  Figure 3-7 (a)-(f) depict the motor terminal voltage, motor 

speed, active power output of PV-STATCOM, reactive power output of PV-STATCOM, 

PCC voltage and converter terminal voltage, respectively. 

 

Figure 3-7. The response of PV-STATCOM controller for a three-phase fault at bus 

1, for various SCRs at PCC. 

t = 10 s.  A three-phase fault is applied at Bus 1 for 200 msec.  The Bus 1 voltage becomes 

0.2 pu during fault. The motor terminal voltage drops down to 0.37 pu, 0.39 pu and 0.42 

pu for systems with SCR of 6, 3, and 1.5, respectively. The PCC voltage reduces to 0.48, 
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0.53 and 0.54 pu, respectively.  The IM speed declines in all the three cases. The 

communication delay is considered to be 100 ms, and hence the reactive current reaches 1 

pu at 10.1 s. 

t = 10.2 s. The fault is cleared. Due to fault clearance, the PCC and motor terminal voltages 

increase.   

t = 11.14 s. The TOV limit is violated at t = 11.14 s, 11.23 s and 11.29 s for systems with 

SCR = 1.5, 3 and 6, respectively. Therefore, the controller switches to Mode 2 operation at 

t = 11.14 s, 11.23 s and 11.29 s for systems with SCR = 1.5, 3 and 6, respectively.  

t = 11.16 s. The controller enables Mode 3 operation at t = 11.16 s, 11.23 s and 11.32 s, 

respectively, for systems with SCR = 1.5, 3 and 6, as the motor terminal voltage reaches 

the pre fault voltage.   

t = 11.6 s.  The controller changes the mode of operation to Mode 4 at t = 11.6 s, 11.73 s, 

and 11.81 s, respectively, for systems with SCR = 1.5, 3 and 6, as the active power is 

ramped to the maximum available power. 

The critical clearing time for various system strengths are obtained and listed in Table 

3.1. 

Table 3.1: Critical clearing time for various system strengths. 

 
 

Sl. No 
Short Circuit Ratio (SCR) 

at Bus 3 

Critical clearing time 

(ms) 

1 1.5 212 

2 3 207 

3 6 200 
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From Figure 3-7, and Table 3.1, it can be seen that PV-STATCOM is able to stabilize 

the IMs for various system strengths. It is further observed that the proposed controller 

provides fast response in a weak system. 

3.5.2 Impact of  
௑

ோ
  ratio 

The 
ଡ଼

ୖ
 ratio of the considered feeder is 2.47. The simulation studies are conducted for 

ଡ଼

ୖ
 

ratio of 1, 2.47, and 5, and the results are shown in Figure 3-8. The impact of SCR is 

examined by (i) calculating the critical clearing time, and (ii) plotting the response of the 

PV-STATCOM controller for the same fault, with various 
ଡ଼

ୖ
 ratios. 

 

Figure 3-8. The response of PV-STATCOM controller for a three phase fault at bus 

1, for various X/R ratios. 

Figure 3-8 (a)-(f) illustrate the motor terminal voltage, motor speed, active power output 

of PV-STATCOM, reactive power output of PV-STATCOM, PCC voltage and converter 

terminal voltage, respectively. The operational characteristic of the PV-STATCOM and 

IM are similar to the behavior explained in Sec. 3.4.1 and 3.5.1. 
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The critical clearing time for various 
ଡ଼

ୖ
 ratios are given in Table 3.2. 

Table 3.2. Critical clearing time for various X/R ratios. 

 
Sl. No 𝐗

𝐑
 ratios 

 
Critical clearing time 

(ms) 

1 1 175 

2 2.47 207 

3 5 215 

The PV-STATCOM controller can successfully stabilize the IMs for various 
ଡ଼

ୖ
 ratios 

considered as shown in Figure 3-8.  The controller is however, more effective in a reactive 

network, as given in Table 3.2. 

3.5.3 Impact of distance between PV solar farm and the IM 

Studies are conducted for distances of 40 km, 20 km and 5 km between the PV solar farm 

and IMs. The response of PV-STATCOM for a three phase fault at bus 1 is plotted for 

various distances in Figure 3-9. The critical clearing time is calculated and presented in 

Table 3.3. The operational characteristic of the PV-STATCOM and IM are similar to the 

behavior explained in Sec. 3.4.1 and Sec. 3.5.1. 

Figure 3-9 (a)-(f) depict the motor terminal voltage, motor speed, active power output of 

PV-STATCOM, reactive power output of PV-STATCOM, PCC voltage and converter 

terminal voltage, respectively. 
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Figure 3-9. The response of PV-STATCOM controller for a three phase fault at bus 

1, for various distance between PV solar farm and IM. 

Table 3.3. Critical clearing time for various distance between PV solar farm and IM. 

 
 

Sl. No 
Distance between PV solar 

farm and IM (km) 
Critical clearing time 

(ms) 

1 40 100 

2 20 207 

3 5 250 

The PV-STATCOM controller can successfully stabilize the critical IM for wide ranging 

distances between them as shown in Table 3.3. However, the fastest stabilization is 

achieved for short distances.  
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3.5.4 Impact of voltage sag 

The performance of PV-STATCOM controller for various voltage sag depths are 

evaluated by conducting studies for 100%, 75%, 50% and 25% voltage sags at bus 1. The 

critical clearing time is given in Table 3.4 and the response of the PV-STATCOM for a 

three-phase fault at bus 1 is plotted in Figure 3-10 for various voltage sag depths. The 

operational characteristic of the PV-STATCOM and IM are similar to the behavior 

explained in Sec. 3.4.1 and Sec. 3.5.1. 

 

Figure 3-10. The response of PV-STATCOM controller for a three-phase fault at 

bus 1, for various voltage sag depths. 

Table 3.4. Critical clearing time for various voltage sag depths. 

 
Sl. No 

Depth of Voltage Sag at 
Bus 1 
(%) 

 Critical clearing time 
(ms) 

1 100 125 

2 75 209 

3 50 750 
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 25 4500 

The PV-STATCOM controller is successful in stabilizing the IM for a wide range of 

voltage sags, although the response is slower for larger voltage sags, as expected.  

The studies in this section demonstrate the effectiveness of the proposed PV-STATCOM 

controller in stabilizing the critical IM in a realistic distribution feeder for wide ranging 

values of key system parameters. The critical clearing time is seen to decrease with:               

i) increasing distance, ii) decreasing X/R ratio, iii) increasing system strength (SCR), and 

iv) increasing voltage sag depth. Despite these wide variations in key system parameters, 

the proposed PV-STATCOM successfully stabilizes the motor.  

3.5.5 Performance of the PV-STATCOM controller with multiple 
Induction motors. 

The capability of the proposed PV-STATCOM controller for stabilizing a combination 

of multiple IM loads is now demonstrated in Study System 2. Three different IM loads are 

considered, to examine the performance of PV-STATCOM. The IM loads considered are 

(i) 1.25 MVA large industrial motor (Motor A), (ii) 0.7 MVA weighted aggregate of 

residential and industrial motors (Motor B), and (iii) 0.7 MVA small industrial motors 

(Motor C). The motor loads are modelled as per [100, 181].  

Figure 3-11 (a)-(f) illustrate the motor terminal voltage, speeds of different motors, active 

power output of PV-STATCOM, reactive power output of PV-STATCOM, PCC voltage 

and converter terminal voltage, respectively. 
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Figure 3-11. Response of PV-STATCOM for a three phase fault at bus 1, with 

multiple IMs connected. 

t = 10 s.  A three-phase fault is applied at Bus 1 for 150 ms.  The Bus 1 voltage becomes 

0.2 pu during fault. The motor terminal reduces to 0. 41 pu and the PCC voltage decreases 

to 0.48 pu.  The speed all the three IMs decline. Motor C experiences the highest drop in 

speed, as it has the lowest inertia. Since the communication delay is 100 ms, the reactive 

current reaches 1 pu at 10.1 s. 

t = 10.15 s. The fault is cleared. Due to the fault clearance, the PCC and motor terminal 

voltages increase. All the motors start accelerating, however, motor C has the lowest 

acceleration due to its low inertia. 

t = 10.63 s. The TOV limit is violated at t = 10.63 s, at which time the controller switches 

to Mode 2 operation.  

t = 10.65 s. The controller enables the Mode 3 operation at t = 10.65 s.   

t = 11.2 s.  The controller changes the mode of operation to Mode 4 at t = 11.2 s, as the 

active power is ramped to the maximum available power. 
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   This study demonstrates that the PV-STATCOM is successful in stabilizing a 

group of different industrial and residential induction motors having different inertias. 

3.6 Conclusion 
This chapter presents a novel reactive power control of PV-STATCOM, for stabilizing 

remotely located critical induction motors during system disturbances. The proposed 

control provides: i) a novel enhanced voltage support to the extent of the acceptable 

Temporary Over Voltage (TOV) limit of the utility, and ii) a new power ramp-up control 

while keeping the dynamic voltage control function activated. The effectiveness of the 

proposed control is demonstrated through detailed simulation studies using MATLAB 

Simulink software, on a 10 kW PV solar system in the network of Bluewater Power 

Distribution Corporation, Sarnia, in Canada. It is shown that the PV-STATCOM control 

on a solar farm:  

1) can stabilize a critical induction motor located as far as 15.6 km, away.  

2) is equally effective as a STATCOM connected at motor terminals. 

3) is able to ensure stable operation of critical induction motor, even for the cases which 

the reactive power support from PV systems required under German Grid Code [91] 

fails to do so. 

Further studies on a realistic 27.6 kV distribution feeder in Ontario showed that a PV 

solar farm as PV-STATCOM can stabilize a critical IM, even if located 20 km away, for a 

wide range of system conditions viz. (i) system strength, (ii) X/R ratio of the feeder, (iii) 

distance between PV plant and IM, and (iv) depth of voltage sag.  
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Chapter 4  

4 Night and Day Field Demonstration of PV-STATCOM 
Technology for Stabilizing Critical Induction Motor 

4.1 Introduction 

This chapter presents the first in Canada (and perhaps first in the world) utility 

demonstration of a novel nighttime and daytime technology of utilizing PV solar farm as a 

dynamic reactive power compensator (STATCOM) and named PV-STATCOM. The field 

demonstration was performed on a 10 kW PV solar farm installed in the utility network of 

Bluewater Power Distribution Corporation, in Sarnia, Ontario. It is demonstrated that the 

solar farm autonomously transforms into a STATCOM and ensures stable operation of a 

critical induction motor on a 24/7 basis during a large disturbance which would otherwise 

destabilize the motor. The PV-STATCOM is further demonstrated to be a new smart 

inverter which operates much fast than a conventional smart inverter and also during 

nighttime, which present-day smart inverters do not. Two field demonstrations are 

performed. The first field demonstration is for the case when the critical motor is located 

at the PV system bus, and the second field demonstration is for the case when the critical 

motor is located at a site remote from the PV solar system. 

4.2 Study System 

The field demonstration of PV-STATCOM technology was conducted on the 10-kW 

grid-connected PV solar farm located on Confederation Street in the utility system of 

Bluewater Power Distribution Corporation, Sarnia, Ontario, Canada. The single line 

diagram of the study system and the photographs of the demonstration site are shown in 

Figure 4-1, and Figure 4-2 respectively. The PV solar farm is connected to Pole 325 using 

switch 𝑆ଵ. Pole 325 in turn is connected through a 150kVA 600V/4.16kV transformer to 

the 4.16 kV distribution feeder 14F1 of Bluewater Power distribution system, although not 

shown in Figure 4-1. The voltage and current of the PV panels are 280V and 35.7A, 

respectively, for Maximum Power Point (MPP) operation. Solar power is fed to the grid 

using a commercial utility inverter rated 10kW, 600 V AC and 475V DC, operating at unity 

power factor. Switches 𝑆଼ and 𝑆ଽ are used to isolate the existing PV inverter from the 
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circuit. A 3-hp induction motor 𝑀ଶ is used to operate the tracking system of the PV panels. 

This motor is connected to the 208V terminal of transformer 𝑇ଵ (Bus 1) using switch 𝑆ହ.   

The utility inverter is controlled by its propriety control provided by the manufacturer 

and is not amenable to any modifications. For this reason, a separate three-phase two-level 

10 kVA inverter controlled as PV-STATCOM is used for the field demonstration. This 10 

kVA PV-STATCOM inverter includes six insulated gate bipolar transistors, gate drives 

and protection circuit. The PV-STATCOM controller is designed in MATLAB/Simulink 

software and implemented on the dSPACE controller board. Current and voltage sensors 

are installed at the PV-STATCOM inverter and the load. The sensor signals are sent to 

dSPACE controller board (DS1103) through ADC channels. The PV-STATCOM 

controller is implemented on the dSPACE controller board which generates appropriate 

firing pulses for the IGBT gates of the PV-STATCOM inverter based on the selected 

control objectives and operation mode. The Pulse Width Modulation (PWM) pulses 

generated from the dSPACE board are applied to the PV-STATCOM inverter interface 

panel through appropriate level shifter circuits. A graphics user interface (GUI) is designed 

in Control Desk software to provide a control environment to supervise the PV-STATCOM 

system operation. A Yokogawa power analyzer (DL850E) is used to capture the various 

signal waveforms. 

The PV-STATCOM inverter and the utility PV inverter are connected to the solar panels 

using a double-pole double-throw switch 𝑆଺. An LCL filter is used at the inverter terminal 

to filter out the switching harmonics and to maintain the THD of the inverter output within 

5% [168]. The filter inductance and capacitance are designed to be 1 mH and 300 µF, 

respectively. As the MPPT voltage of PV panel is 280 V, a 140-208/208V intermediate 

transformer 𝑇ଶ with 5% impedance is employed to connect the PV-STATCOM inverter to 

the utility transformer 𝑇ଵ.  

In this field demonstration, the 10 kVA PV-STATCOM is used to stabilize a 5 hp 

induction motor 𝑀ଵ during a major system disturbance. This large system disturbance is 

initiated by the switching of a 10 kvar inductive load. In this demonstration, a variable line 

inductor 𝐿ଵ rated 5.1 mH in combination with the system short circuit reactance 𝐿ௌ at Pole 
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#325 is used to vary the effective short circuit inductance of the grid, 𝐿௚, as seen by the 

PV-STATCOM. Switch 𝑆ଶ is used to isolate the PV-STATCOM and load from the grid.  

For nighttime operation of PV-STATCOM, the PV panels are disconnected from PV-

STATCOM inverter using switch 𝑆଺.   

 

Figure 4-1. Single Line Diagram of the study system. 

For demonstrating the capability of PV-STATCOM to stabilize a remotely located 

critical motor, the effective distance between the motor and the solar farm is varied by 

using a variable inductor 𝐿ଶ which is inserted through switch 𝑆ସ. The delay in 

communication of motor terminal voltage signal to the solar farm is implemented in 

software. The overall delay represents: i) the communication delay between motor terminal 

and PV-STATCOM, and ii) the communication delay between master control and 

individual inverter controllers in an actual PV solar farm. The latency for fiber optic cable 

is 3.34 𝜇𝑠/𝑘𝑚 [178] and the communication delay incurred in a PV solar farm plant 

control is approximately 100 ms [88]. Thus, the delay in the study system with a distance 
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of about 15.6 km between the IM and the PV solar farm is 100.05 ms and is approximated 

as 100ms.  

 

Figure 4-2. Field demonstration site at Bluewater Power, Sarnia, Canada. 

The PV-STATCOM controller is discussed in detail in Sec. 3.3.1  

4.3 First Field Demonstration: Application of PV-STATCOM 
for stabilizing locally connected Induction Motor 

This section presents the results for the first field demonstration of utilizing the PV solar 

farm as PV-STATCOM for stabilizing a locally located critical induction motor during 

nighttime and daytime.  
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4.3.1 Response of Conventional Inverter for Large Disturbance 
During Night Time  

Studies are now performed during nighttime. The response of the PV solar farm and the 

induction motor for the switching of 10 kvar inductor at PCC during night time without 

PV-STATCOM controller is shown in Figure 4-3.  

 

Figure 4-3. Response of the conventional PV inverter for large load switching 

during night time. 

Figure 4-3 (a) - (f) illustrate the PCC rms voltage (pu), PCC instantaneous voltage (V), 

Reactive power output of the inverter (kvar), Active power output of the inverter (kW), 

Motor current (A) and status of the large load switch, respectively. 

t < 𝑡ଵ: The inverter is idle as the solar power is zero. The motor is operating at steady 

state by providing the required load torque, by drawing power from the grid.  
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t = 𝑡ଵ: A large disturbance is created by connecting 10 kvar inductor to the PCC. Due to 

this large load switching, the PCC voltage drops to 0.5 pu. Due to this large voltage drop, 

the motor starts consuming a high amount of reactive power and the motor current 

increases to 12 A.  

t = 𝑡ଶ: The large load is disconnected, due to which the voltage starts recovering but only 

up to 0.8 pu. Since no reactive power support is available the motor consumes a larger 

current of 16 A and eventually stalls.  

This study demonstrates that the induction motor will become unstable and stall during 

a large disturbance at night when no reactive power support is available.  

4.3.2 Response of PV-STATCOM for Large Disturbance During 
Night Time  

Studies are conducted during nighttime with the PV-STATCOM control activated. The 

PV-STATCOM inverter and induction motor response for the large load switching at PCC 

during night time with PV-STATCOM controller is shown in Figure 4-4.   

 Figure 4-4 (a) - (g) illustrate the PCC rms voltage (pu), PCC instantaneous voltage (V), 

Reactive power output of the PV-STATCOM inverter (kvar), Active power output of the 

PV-STATCOM (kW), PV-STATCOM inverter current (𝑖௣௩) (A), Motor current (A) and 

status of the large load switch, respectively. 

t < 𝑡ଵ: The system is operating in steady state with a PCC voltage of 1 pu. The PV-

STATCOM is idle. The motor is providing the load torque by consuming 8 A from the 

grid. 

t = 𝑡ଵ: The large load is connected and as a consequence the bus voltage drops to 0.65 

pu. The PV-STATCOM detects the drop in the voltage and switches to Full STATCOM 

operation. In this mode, the full inverter capacity is utilized for injecting reactive power. 

The PV-STATCOM inverter injects 9.4 kvar reactive power. The speed of response for the 

controller is seen to be 1.4 cycle. This fast reactive power injection is able to bring the PCC 

voltage to 0.99 pu and thus prevent the motor from stalling. 
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Figure 4-4. Response of the PV-STATCOM for large load switching during night 

time. 

t = 𝑡ଶ: The large load is disconnected at t=t2. The controller detects it and ceases reactive 

power injection. The motor continues to operate in a stable manner with its pre-disturbance 

current level of 8 A.  

This study demonstrates that the fast reactive power support by the PV solar farm with 

the proposed PV-STATCOM control can prevent the motor instability during large 

disturbance at night time, when conventional PV solar plants are usually dormant. 

4.4 Second Field Demonstration: Application of PV-
STATCOM for stabilizing remotely located Induction Motor 

The effectiveness of the proposed PV-STATCOM controller in stabilizing a remotely 

located 5 hp critical IM is now field-demonstrated on a 10 kW PV solar farm in the utility 

network of Bluewater Power Distribution Corporation. Three studies are reported: i) solar 
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farm operation with reactive power support according to the German Grid Code (BDEW) 

[91], ii) solar farm control as PV-STATCOM with varying (and very large) communication 

delay, iii) PV-STATCOM operation at night. The superiority of the PV-STATCOM 

control is thus demonstrated.  

4.4.1 PV solar farm operation according to German Grid Code 

At first, the impact of reactive current injection by the PV solar farm while following the 

existing grid codes in motor stabilization is investigated. The German Grid Code (BDEW) 

[91] requires the PV inverter to inject reactive power to support the grid during transients. 

This dynamic reactive current support is presently optional in IEEE 1547-2018 [90], and 

in California Rule 21 [92]. According to BDEW [91], the PV inverter needs to inject a 

minimum of two percent reactive current per one percent voltage drop for voltage below 

0.9 pu. The performance of dynamic reactive current injection by the smart PV inverter 

according to BDEW code in stabilizing the remotely located induction motor is tested and 

the results are shown in Figure 4-5. The distance between the PV solar farm and the motor 

terminal is kept at 15.6 km and the delay between voltage measuring unit at motor terminal 

and PV system is considered to be 100 ms. 

 Figure 4-5 (a)-(h) shows the motor terminal phase voltage, motor terminal RMS voltage, 

active and reactive power output of the PV solar system, motor current, 𝑖ௗ and 𝑖ௗ௥௘௙, 𝑖௤ 

and 𝑖௤௥௘௙ of PV solar system, and DC link voltage, respectively.   

The zoomed images of transients during initiation of disturbance (t=0 s) and transients 

during termination of disturbance (t=2 s) is shown in Figure 4-6 and Figure 4-7, 

respectively. 
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Figure 4-5. Response of the IM and the PV solar system operating according to 

German Grid Code for a large disturbance at motor terminal. 

t < 0 s. The motor terminal voltage is 1.02 pu. The motor is operating in steady state and 

consuming 8A. 

The PV solar farm is operating at unity power factor and injecting 4.8 kW.  

t= 0 s. A large disturbance is applied at the motor terminal by connecting a 10 kvar 

inductive load. This causes the motor terminal voltage to drop from 1 pu to 0.58 pu as 

shown in Figure 4-5 (b). The PV system rides through the fault and injects the maximum 

available active power as illustrated in Figure 4-5 (c). The PV active power reduces slightly 

due to the drop in the terminal voltage. The reactive power output of PV inverter is zero as 

seen in Figure 4-5 (c) and Figure 4-5 (f). Due to the reduction in voltage, the motor starts 

consuming a large current of 12 A. 
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Figure 4-6. Zoomed response of the IM and the PV solar system operating according 

to the dynamic reactive current injection of German Grid Code for a large 

disturbance at motor terminal at initiation of disturbance (t = 0 s). 

t = 0.1 s. Since the motor terminal voltage has reduced to 0.58 pu, the inverter injects 

0.64 pu reactive current (according to BDEW code) as depicted negatively in Figure 4-5 

(f). This causes the voltage to increase rapidly up to 0.69 pu. At this time, the inverter 

modifies the reactive current injection to 0.62 pu (per BDEW code), as seen in Figure 4-6 

(f). The inverter active power remains almost constant during this interval as the total 

apparent power of the inverter is within the maximum kVA rating of the inverter. The 

motor consumes a large current of 16 A during this period. 

t = 2 s.  The large load is disconnected at t = 2 s. The motor terminal voltage increases 

but only up to 0.82 pu (due to increased motor current). The PV inverter injects 0.16 pu 

reactive current as the voltage is below 0.9 pu (per BDEW code). The motor consumes a 

larger reactive current of about 20 A and eventually stalls.   
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Figure 4-7. Zoomed response of the IM and the PV solar system operating according 

to the dynamic reactive current injection of German Grid Code for a large 

disturbance at motor terminal at termination of disturbance (t = 2 s). 

This field test further demonstrates that reactive current injection by PV inverter 

according to German grid code requirement is not adequate to stabilize a remotely located 

induction motor during a large disturbance. In contrast, the PV-STATCOM successfully 

stabilizes the remotely located motor under the same conditions, as shown below. 

4.4.2 Impact of Communication delay on PV-STATCOM 
Performance 

In this field test, the impact of communication delay on PV-STATCOM’s capability to 

stabilize the remotely located motor is investigated. While the distance between the PV 

solar system and the motor is kept at 15.6 km, the communication delay is varied from 100 

ms up to 850 ms. This implies a sluggish communication link or increased delays within a 

solar plant. The performance of the PV-STATCOM controller for a communication delay 

of 750 ms, which is almost 7.5 times the normal delay for a PV solar farm located 15.6 km 

away from the motor is shown in Figure 4-8.  

Figure 4-8  (a)-(h) illustrate the motor terminal voltage, motor terminal RMS voltage, 

reactive and active power output of PV-STATCOM, motor current, 𝑖ௗ and 𝑖ௗ௥௘௙, 𝑖௤ and 

𝑖௤௥௘௙ of PV-STATCOM, and DC link voltage, respectively.  
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Figure 4-8. Response of the IM and the PV-STATCOM controller with a 750 msec 

communication delay for a large disturbance at motor terminal. 

t < 0 sec. The motor terminal voltage is 1.02 pu. The motor is operating in steady state 

and consuming 8A. The PV solar farm is injecting 4.2 kW at unity power factor.  

t = 0 sec. A three-phase disturbance is applied at motor terminal by connecting a 10 kvar 

inductive load. Due to the large load connection, the motor terminal voltage drops from 1 

pu to 0.58 pu as shown in Figure 4-8 (b). The PV system rides through the fault and injects 

the maximum available active power as illustrated in Figure 4-8 (c). This PV active power 

is however slightly reduced due to the drop in the terminal voltage. The reactive power 

output of PV inverter is zero as seen in Figure 4-8 (c) as the PV system operates at unity 

power factor. Due to reduced terminal voltage, the motor consumes a large reactive power 

and its current increases to 12 A. 
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t = 0.75 sec. The PV-STATCOM controller detects the drop in motor voltage after the 

communication delay of 750 msec and switches to PV-STATCOM operation. The PV-

STATCOM continues injecting 10 kvar in this interval. The motor terminal voltage 

gradually increases to 0.9 pu. The motor current initially increases but soon stabilizes at 

8A with rise in terminal voltage.   

t = 2 sec. The large load is disconnected. The motor terminal voltage starts increasing. 

The PV-STATCOM controller stops dynamic reactive power support and ramp up the 

active power as the motor terminal voltage recovers to its pre-fault level. The motor 

remains stable during the disturbance and continues stable operation after disturbance by 

providing pre-fault load torque.  

The zoomed images of transients during initiation of disturbance (t=0 s) and those during 

termination of disturbance (t=2 s) are shown in Figure 4-9 and Figure 4-10, respectively. 

 

Figure 4-9. Zoomed response of the IM and the PV -STATCOM controller with a 750 

msec delay for a large disturbance at motor terminal at initiation of disturbance (t = 

0 s). 
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Figure 4-10. Zoomed response of the IM and the PV -STATCOM controller with a 

750 msec delay for a large disturbance at motor terminal at termination of 

disturbance (t = 2 s). 

The PV-STATCOM controller is able to respond to the disturbance and inject full 

reactive power within half a cycle as shown in Figure 4-9 (c). The PV-STATCOM is further 

able to ramp active power within a cycle with minimal distortion in the system voltage as 

depicted in Figure 4-10. This rapid response of PV-STATCOM, matches that of actual 

STATCOMs.  

This field test demonstrates that the proposed that the PV-STATCOM can effectively 

stabilize the remotely located critical motor even with a communication delay of 750 ms.  

4.4.3 PV solar farm operating as PV-STATCOM at night 

Figure 4-11  (a)-(h) illustrate the motor terminal voltage, motor terminal RMS voltage, 

reactive and active power output of PV-STATCOM, motor current, 𝑖ௗ and 𝑖ௗ௥௘௙, 𝑖௤ and 

𝑖௤௥௘௙ of PV-STATCOM, and DC link voltage respectively.  
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Figure 4-11. Response for PV-STATCOM operation at night. 

Initially PV system is idle. As soon as it detects a drop in 𝑉௠ due to the large disturbance, 

the PV-STATCOM controller initiates dynamic reactive power support and ensures 

continuous stable operation of IM. When the large load is switched off, the PV system 

stops reactive power support. The PV-STATCOM control thus successfully stabilizes the 

IM at night during a large disturbance which would have otherwise destabilized the motor. 

4.5 Conclusion 
This chapter presents the first time in Canada (and first in the world, to the best of 

authors’ knowledge) field demonstration of a novel PV solar farm control as a STATCOM, 

termed PV-STATCOM. This novel control is demonstrated on a 10 kW PV solar farm 

installed in the utility network of Bluewater Power Distribution Corporation, Sarnia, ON, 

for stabilizing a critical 5 hp induction motor both during night and day. The first field 

demonstration of PV-STATCOM for stabilizing a locally connected critical motor was 
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performed on 13th Dec. 2016. The second field demonstration of PV-STATCOM for 

stabilizing a remotely connected critical motor was performed subsequently.  

A large disturbance is initiated by switching a 10 kvar inductive load at PCC, both 

during night and day. Following are the conclusions of the first field demonstration studies: 

1) The switching of large inductive load causes a drop in the PCC voltage to about 0.5 

pu both during night and day. The motor becomes unstable and stalls in both cases.  

2) The PV-STATCOM control on the solar farm successfully ensures stable operation 

of the motor. The motor continues to operate in a stable manner despite the switching of 

the large load both during night and day.  

Following are the conclusions of the second field demonstration: 

1) The dynamic reactive power support according to the German Grid Code (BDEW) 

fails to stabilize the critical induction motor located 16 km away from the PV solar 

farm. 

2) The PV-STATCOM successfully stabilizes a critical induction motor even if it is 

located 16 km away from the PV solar farm, both during night and day 

3) The PV-STATCOM control is effective even if the delay in communication of motor 

voltage control signal to solar farm site is 750 ms, which is 7 times more than actual 

delay in real conditions.  

4) The PV-STATCOM regulates the voltage to 1 pu in about 1.4 cycles, both during 

night and day. This speed of response is identical to actual STATCOMs 

5) During daytime, the PV-STATCOM restores the active power generation of the 

solar farm from zero to its pre-disturbance level in less than 3 cycles after the large 

load is switched off.  

 

The PV-STATCOM is thus shown to be a new smart inverter, which: 

1) provides dynamic voltage control in 1-2 cycles, whereas the present smart inverters 

provide voltage control (volt-var or volt-watt) in 1-3 seconds [20], and  

2) provides dynamic voltage control at night, which conventional smart inverters do not 

[20]. 

The PV-STATCOM is further a new FACTS device, which: 
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1)  provides dynamic voltage control with a similar rapid response as a STATCOM [9, 

10], and  

2) is about 50-100 times lower cost than an equivalent sized STATCOM or SVC. This 

is because PV-STATCOM involves only installing additional novel controls on the inverter 

in-use and the already existing electrical infrastructure (substation, transformer, 

switchgear, buswork, protection systems, etc.) of a PV solar farm.   
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Chapter 5  

5 Coordinated Active and Reactive Power Control of PV-
STATCOM for stabilizing a Remote Critical Induction 
Motor 

5.1 Introduction 

Dynamic active and reactive power support according to the sensitivity of voltage to 

active and reactive power output of PV solar farm can ensure faster voltage recovery than 

the reactive power support alone as shown in Sec. 1.6.2.1. Further, the active and reactive 

power control can minimize the amount of active power curtailed for providing dynamic 

voltage support. Thus, a coordinated active and reactive power control of PV-STATCOM 

for preventing the instability of a critical induction motor (IM) located remotely from the 

solar farm in a distribution feeder, is presented in this chapter. 

At the occurrence of a network fault that can likely destabilize the critical IM, the 

proposed control strategy intelligently chooses the active and reactive power references 

based on the latest measured sensitivity of IM terminal voltage to the active and reactive 

power output of the PV solar farm. Once satisfactory voltage conditions are re-established 

for stable operation of IM, the solar farm autonomously returns to its pre-disturbance real 

power production level. The performance of remotely located PV-STATCOM, 

incorporating detailed model of a realistic medium sized PV plant and control signal 

communication delays, is further compared with other smart inverter control strategies for 

dynamic voltage support. The effectiveness of the proposed control strategy is tested 

through simulation studies on a 27.6 kV feeder in Ontario, Canada. The implementations 

of the proposed PV-STATCOM control at plant level and inverter level are compared. The 

impacts of PV plant parameters, and system parameters on system stability for various 

modes of the proposed controller are studied. Subsequently, design guidelines for PV-

STATCOM controller for various system conditions are presented. 

5.2 Study System 
A realistic 45 km long 27.6 kV feeder in Ontario, Canada [179] is considered as the 

study system for testing the effectiveness of the proposed controller.  
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Figure 5-1. Single Line Diagram of the study system. 

The single line diagram of the study system is shown in Figure 5-1. The transformer 𝑇ଵ 

is rated 115 kV/27.6 kV, 20 MVA with 5% impedance. The distribution lines are 
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represented by their equivalent pi models. A total load of 5.3 MVA at 0.9 power factor is 

connected at feeder end. For simulation studies, 50% of loads are modelled as IM loads 

and other 50% as voltage dependent static loads (SL). The IM loads are rated at 4 kV [180] 

and are connected through a transformer 𝑇ଶ  rated 27.6/4 kV and 5% impedance.  

A 6 MW PV solar farm is connected to the feeder at bus 3 which is 25 km away from 

the IM loads. Utility scale PV plants have multiple inverter units, which are connected to 

the substation transformer using collector cables. Hence, the 6 MW PV system is modelled 

as a PV plant with three 2 MW inverters. The inverter output power is fed to the substation 

transformer using MV collector cables. The cables are represented by their equivalent 𝜋 

models.  

The inductor L, capacitor C and inductance of ∆ − 𝑌 transformer constitutes LCL filter 

of the PV inverter. 𝑅௙ଵ and 𝑅௙ଶ  represents the resistance of the inductor and capacitor 

respectively. To provide 24/7 PV-STATCOM operation, modifications are made in the PV 

inverter system. The dc link capacitor is charged from the real power output of PV solar 

panels during start up in daytime. But at night, the PV panel is idle, and therefore a charging 

circuit is added for nighttime dc link capacitor charging. This is accomplished by keeping 

switch 𝑆ଶ on and 𝑆ଵ off. Once the capacitor voltage reaches the peak of ac phase voltage, 

switch 𝑆ଵ is turned on, and 𝑆ଶ is turned off. The PV inverter thus become ready to function 

as a STATCOM at night. 

PV solar plants have two layers of control. The outer plant level control (PLC) decides 

the operating set points for all the inverter units based on the commands from the system 

operator. These setpoints are determined based on frequency or voltage control 

requirement per grid codes and Standards [87, 90].  The plant level quatities are measured 

at the point of interconenction (POI), which is at the HV terminal of the substation 

transformer 𝑇ଷ. The voltage, active and reactive power at POI are denoted as 𝑉௣௢௜,  𝑃௣௢௜, 

and 𝑄௣௢௜ respectively. 

 The inner inverter level control (ILC) generates the switching signals for inverter based 

on: i) the plant level signals, ii) local control units such as MPPT, and iii) inverter level 

grid supporting functions [87, 90]. The inverter level quatities are measured at the point of 
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common coupling (PCC), which is at the HV terminal of the ∆ − 𝑌 transformer at the 

inverter unit. The voltage, active and reactive power at PCC are denoted as 𝑉௣௖௖,  𝑃௣௖௖, and 

𝑄௣௖௖ respectively. 

The voltage at the motor terminal is denoted as 𝑉௠.  The motor terminal voltage is measured 

and communicated (through a fiber optic cable) to the PV-STATCOM controller incurring 

a delay in the process. This overall delay includes: i) the communication delay between 

motor terminal and PV-STATCOM, ii) the communication delay between plant level 

controller and individual inverter controllers in a PV solar farm, and iii) voltage 

measurement delay. The latency for fiber optic cable is 3.34 𝜇𝑠/𝑘𝑚 [178] and the 

communication delay incurred in a PV solar farm plant control is approximately 100 ms 

[88]. Thus, the delay in the study system with a distance of about 25 km between the IM 

and the PV solar farm is 100.08 ms and is approximated as 100 ms.  

5.3 PV-STATCOM Controller 

Figure 5-2 (a) shows the single line diagram of the Study System in which the detailed 

inverter controller is depicted for only one of the three 2 MW inverters. The inverter 

controllers for the other two inverters are similar, and hence not shown here. Figure 5-2 (b) 

and (c) depict the conventional PV inverter controller and the proposed PV-STATCOM 

controller, respectively.  Figure 5-2 (b) shows the structure of a conventional PV inverter 

control. It consist of dc link voltage controller, power factor controller, inner current 

controller and PLL, as discussed in Sec. 2.4. 

The proposed PV-STATCOM controller is illustrated in Figure 5-2 (c).  It consists of: 

i) Operation Mode selector, ii) Active Power Controller, iii) Reactive Power Controller, 

and iv) Night time Voltage Controller.  

5.3.1 Operation Mode Selector 

The PV-STATCOM controller operates in three modes: Mode 1, 2 and 3. The real/active 

and reactive power outputs of the PV solar farm at noon in different modes are conceptually 

depicted in Figure 5-3 (whereas actual outputs are described in Sec. 5.5 e.g., in Figure 5-9). 
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The operating modes are decided by Mode Selector by monitoring Vpcc, Ppcc and Qpcc. Mode 

0 is the normal pre-fault/disturbance operating mode of the solar farm.    

 

 

Figure 5-2. Single Line Diagram of a grid connected PV Solar Farm and the 

architecture of the proposed PV-STATCOM controller implemented at inverter 

level. 
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Figure 5-3. Output of PV solar farm with the proposed control. 

5.3.1.1 Mode 0 (represented by flag 𝑀଴) 

In this mode, during day time, the PV system generates the maximum available active 

power (Pavailable) at the power factor specified by the system operator. During night time, it 

regulates 𝑉ௗ௖ at 𝑉ௗ௖௥௔௧௘ௗ and remains on standby to respond to any system disturbance.  

5.3.1.2 Mode 1 (represented by flag 𝑀ଵ) 

This is the Variant 2 of the Full PV-STATCOM mode.  In this mode, the PV plant 

injects active power P1 and reactive power Q1 based on the latest active and reactive power 

sensitivity at IM terminal. If P1 < Pavailable, active power output is curtailed to P1 (as shown 

in Figure 5-3) and reactive power is set to Q1. However, if P1 > Pavailable, active power 

output is set to Pavailable, and the remaining inverter capacity is used for reactive power 

injection, which may be different than Q1. 

If, due to a system fault/disturbance, Vm goes below a threshold voltage Vm_thresh, Mode 

Selector enables Mode 1 operation by setting 𝑀1 signal high. Vm_thresh is the low voltage 

that results from a fault/disturbance which is sufficient to cause IM instability. This voltage 

is system dependent and determined from off-line simulation studies for the system under 

study. Vm_thresh = 0.8 pu for our study system.  
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The PV plant operates in Mode 1 till Vpcc increases to just below the utility TOV limit 

VTOVL. This enhanced voltage support helps in fast voltage recovery. Once TOV limit is 

reached, Mode 1 operation is disabled, and Mode 2 operation is initiated by setting 𝑀1  

signal low and 𝑀2  signal high. A TOV counter is used to detect TOV limit violation. For 

instance, a voltage between 1.06 pu and 1.3 pu is permitted for a period of 166 ms [23]. 

The counter is activated (output is set high) when Vpcc crosses utility’s upper steady state 

voltage limit Vpccref (=1.06 pu, here). The counter is kept activated for 150 ms (to be safely 

within the utility limit of 166 ms [90]).  

5.3.1.3 Mode 2 (represented by flag 𝑀ଶ) 

This is the Variant 1 of the Full PV-STATCOM mode. In this mode which gives 

preference to reactive power, the PV-STATCOM control provides reactive power support 

Q2 with the objective of maintaining Vpcc at utility’s upper steady state voltage limit Vpccref 

(=1.06 pu, here). If active power was curtailed to P1 in Mode 1, it is increased to P2 using 

the inverter capacity remaining after reactive power injection Q2. It is noted that P2 < 

Pavailable. Even though Vpcc reaches Vpccref, motors still need reactive power support for their 

speeds to return to their pre-fault stable operating state, as in Mode 0. Mode 2 operation is 

therefore continued till reactive power support is no longer required for motor stabilization. 

This mode of operation is continued till Vm reaches at least k1 times pre disturbance IM 

terminal voltage (Vpre). In this study k1 = 0.96. Once this condition is satisfied, Mode 2 

operation is disabled, and Mode 3 operation is initiated.   

5.3.1.4 Mode 3 (represented by flag 𝑀ଷ) 

This is the Partial STATCOM mode. In this mode active power is given preference. The 

objective is to ramp active power from P2 to the pre-disturbance solar power level Pavailable 

at a high rate. An important aspect of this control is that during power ramp up, voltage 

control is simultaneously performed to maintain Vpcc at Vpccref (=1.06 pu) using inverter 

capacity remaining after real power ramp up.  This unique control prevents occurrence of 

any unwanted voltage oscillations at POI while ensuring a fast ramp up. Mode 3 operation 

is continued till Ppcc reaches at least k1 times Pavailable. In this study k1 = 0.96.  
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5.3.2 Sensitivity Calculator 

This block calculates the real and reactive power sensitivities (Psens, and Qsens) of IM 

terminal voltage (𝑉௠) by monitoring the change in 𝑉௠ on injection of small amount of real 

and reactive currents. These sensitivities depend upon the effective R/X ratio. The X and R 

change due to system conditions e.g. switching of lines/transformers, turning on/off of 

distributed generators, etc. To accommodate these system changes, Psens and Qsens are 

updated periodically, say every 15 minutes, based on system operation. There is a delay 

incurred in the measurement and communication of 𝑉௠ to the PV plant controller, which is 

considered as 100 msec in study [88]. This delay is considered while computing R and X 

according to (1) and (2) respectively, for accurate calculation of Psens and Qsens. 

The effective reactance  𝑋ᇱ is calculated by injecting 10% of 𝑖௤ and noting the change in 

terminal voltage 𝑉௠  of the remotely located induction motor, according to (5-1). 

 𝑋ᇱ =  
∆𝑉௠

∆𝑖௤
 ( 5-1) 

The effective resistance 𝑅ᇱ is calculated by varying  𝑖ௗ by 10% and noting the change in 

𝑉௠ as given in (5-2). 

 𝑅ᇱ =  
∆𝑉௠

∆𝑖ௗ
 ( 5-2) 

 

     Normalized   𝑃௦௘௡௦  and   𝑄௦௘௡௦ are calculated using (5-3) and (5-4) respectively from 

updated 𝑋ᇱ and 𝑅ᇱ. 

 𝑃௦௘௡௦      =  
𝑅ᇱ

ඥ𝑅ᇱమା𝑋ᇱమ
 ( 5-3) 

 
𝑄௦௘௡௦      =  

𝑋ᇱ

ඥ𝑅ᇱమା𝑋ᇱమ
 

( 5-4) 
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5.3.3 Active Power Controller  

This block controls the active power output of the PV plant for the PV-STATCOM control 

according to the various modes of operation. This block controls the active power by 

generating the DC voltage reference (𝑉ௗ௖௥௘௙)  and d axis current reference (𝑖ௗ௥௘௙) for the 

conventional DC link controller and inner current controller of the inverter respectively.  

5.3.4 Reactive Power Controller  

This block generates the q axis current reference for the various modes of operation of PV-

STATCOM controller. It consists of PCC voltage controller and a q axis current reference 

generator. 

5.3.5 Calculation of Current and Voltage References. 

The active power controller and reactive power controller blocks computes the references 

for the various modes of operation as described below. 

5.3.5.1 Reference Calculation for Mode 1 

In this mode, PV solar farm injects active power 𝑃ଵ and reactive power 𝑄ଵ as per the latest 

𝑃௦௘௡௦  and   𝑄௦௘௡௦. If calculated 𝑃ଵ>𝑃௔௩௔௜௟௔௕௟௘, the active power controller block sets 𝑖ௗ௥௘௙ to 

Iavailable (= Pavailable /(1.5vd )). The remaining inverter capacity is utilized to inject reactive 

power and 𝑖௤௥௘௙ is set by reactive power controller block to √(I2
max – i2

dref), where Imax is 

the rated inverter current. However, if 𝑃ଵ<𝑃௔௩௔௜௟௔௕௟௘, active power is curtailed to 𝑃ଵ. 

Correspondingly 𝑖ௗ௥௘௙ is set to Imax*Psens, and 𝑖௤௥௘௙ is set to Imax*Qsens.  

 𝑖ௗ௥௘௙ = minimum ( 𝐼௔௩௔௜௟௔௕௟௘ , 𝐼௠௔௫ ∗ 𝑃௦௘௡௦ ) ( 5-5) 

 
𝑖௤௥௘௙ = minimum ൬ට𝐼௠௔௫

ଶ − 𝑖ௗ௥௘௙
ଶ  , 𝐼௠௔௫ ∗ 𝑄௦௘௡௦൰ 

( 5-6) 
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5.3.5.2 Reference Calculation for Mode 2 

In this mode, 𝑖௤௥௘௙ is generated by PCC voltage controller to regulate Vpcc to Vpccref. If 

active power was curtailed during Mode 1 operation to 𝑃ଵ, the inverter will increase active 

power to 𝑃ଶ (as described in Mode 2 operation) by using the remaining inverter capacity.  

The active power is ramped by varying the DC link voltage reference from the DC voltage 

at the initiation of Mode 2 (𝑉ௗ௖
ᇱ ) to the MPPT voltage of the PV panel (𝑉ெ௉௉்) by the DC 

link ramp generator in active power controller. The priority is assigned to reactive power, 

by limiting d axis current reference generated by DC link voltage controller according to 

(5-7).  

 𝑖ௗ௥௘௙_௟௜௠௜௧௘௥ =  ±ට𝐼௠௔௫
ଶ − 𝑖௤௥௘௙

ଶ                       ( 5-7) 

5.3.5.3 Reference Calculation for Mode 2 

Active power is ramped up from 𝑃ଶ to 𝑃௔௩௔௜௟௔௕௟௘ by the DC link ramp generator in active 

power controller. The remaining inverter capacity is simultaneously used for regulating  

𝑉௣௖௖ at 𝑉௣௖௖௥௘௙. The 𝑖௤௥௘௙ generated by PCC voltage controller is limited by the saturation 

block using (5-8), to ensure that the maximum current rating of inverter is not violated.   

 𝑖௤௟௜௠௜௧ = ± ට𝑖௠௔௫
ଶ − 𝑖ௗ௥௘௙

ଶ                       ( 5-8) 

5.4 Implementation of the proposed control strategy on a 
realistic solar PV plant 

The proposed control strategy can be either implemented at Plant Level controller 

(PLC) or Inverter level controller (ILC) of the PV plant. The implementation strategy for 

both controllers are discussed in this section. 

5.4.1 Plant Level Controller (PLC) 

If the proposed control is implemented at PLC, the controller monitors motor terminal 

voltage (𝑉௠ ), and voltage (𝑉୮୭୧ ), active (𝑃௣௢௜ ), and reactive power (𝑄௣௢௜ ), at plant 

substation to decide the modes of operation. In Mode 1, the PLC gives reactive and real 
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current reference to the inverter controllers based on the 𝑃௦௘௡௦ and 𝑄௦௘௡௦ measured at POI. 

In Mode 2, and Mode 3, the PLC voltage controller generates the reactive power set points 

to the individual inverters for the POI voltage (𝑉୮୭୧ ) control and communicate them to all 

inverter controller units. As the control is done at plant level, the PLC level voltage 

controller causes a large closed loop delay [87, 89]. This delay is considered as 500 ms in 

this study [87]. 

5.4.2 Inverter Level Controller (ILC) 

If the proposed control is implemented at ILC, the controller monitors motor terminal 

voltage (𝑉௠ ), and voltage (𝑉୮ୡୡ ), active (𝑃௣௖௖ ), and reactive power (𝑄௣௖௖ ), at inverter 

terminal (measured at HV side of the inverter transformer) to decide the modes of 

operation.   As the PV plant has dedicated communication channels between PLC and ILC, 

the 𝑉௠ received by the PLC can be send to ILC using the same communication channel if 

the control is implemented in ILC.  

In Mode 1, the ILC calculates reactive and real current reference to the inverter 

controllers based on the 𝑃௦௘௡௦ and 𝑄௦௘௡௦ measured at POI, which is provided by the PLC 

periodically (every 15 minutes in this study). In Mode 2, and Mode 3, all the inverter 

controllers do the control of its PCC voltage independently.   

5.5 Simulation Studies 

The simulation studies of the proposed PV-STATCOM controller are done on 

MATLAB Simulink. The effectiveness of the proposed control strategy is tested for 

stabilizing critical IM, and it is further compared with other smart inverter control 

strategies. The performance is tested in systems with various X/R ratios. The comparison 

studies are done at PLC and ILC to find the best method for its implementation. 

5.5.1 Performance of the proposed PV-STATCOM control 

The effectiveness of the proposed PV-STATCOM controller for stabilizing a remotely 

located critical IM for a 100 ms LLL-G fault at Bus 4 of the study system (10 km from the 

IM terminal) is shown in Figure 5-4.   
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Figure 5-4 (a) – (e) depicts IM terminal RMS voltage, POI RMS voltage, the active 

power output of PV solar farm, the reactive power output of PV solar farm, and motor 

speed respectively. 

 

Figure 5-4. Response of the PV-STATCOM and IM. 

t < 10 s. The PV plant is operating in Mode 0 by generating 1 pu active power at unity 

power factor. The PCC voltage is 1.03 pu and motor terminal voltage is 1 pu. The motor is 

operating at steady state by generating 0.75 pu electromagnetic torque at a slip of 0.03 pu. 

t = 10 s. A large disturbance is created at the motor terminal. Due to the large disturbance, 

V୮୭୧ and V୫ drops to 0.52 pu and 0.02 pu respectively, The PV active power reduces due 

to the drop-in voltage. The motor speed drops and the torque become oscillatory. 

t = 10.12 s. Due to the communication delay, the PV solar farm does not respond for the 

drop in 𝑉௠ till 10.12 s. The sensitivity calculator calculates the 𝑃௦௘௡௦ and 𝑄௦௘௡௦  in steady 

state as discussed in Sec. 5.3.2. The 𝑖ௗ௥௘௙
ᇱ  based on latest  𝑃௦௘௡௦ is 0.375, which is lower 

than the 𝐼௔௩௔௜௟௔௕௟௘ 
, and thus 𝑖ௗ௥௘௙ is set at 0.375 pu. The 𝑖௤௥௘௙ is set at 0.92 pu, which is 

corresponding to the 𝑄௦௘௡௦.  The PV solar farm injects 0.89 pu reactive power and 0.36 pu 

active power to the grid at PCC. The measured power at PCC is lower than the reference, 
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because the PCC voltage is only 0.9 pu. Due to the P and Q injection, the motor speed starts 

to accelerate back to steady state value and it generate 0.75 pu electromagnetic torque. 

t = 11.12 s. The PV plant continues Mode 1 operation till the TOV limit specified by 

[90] is violated. Due to this novel feature of extended voltage support, the IMs start 

recovering. The PV-STATCOM controller switches to Mode 2 operation at 11.12 s. 

The 𝑉௉஼஼ is regulated at 1.06 pu in this mode. The reactive power output of the PV plant 

is controlled to keep 𝑉௣௢௜ at 1.06 pu. The active power is ramped to the maximum available 

capacity using the remaining inverter capacity. 

t = 11.2 s: The IM terminal voltage recovers to pre fault voltage at 11.2 s. Thus, the 

controller starts Mode 3 operation to ramp up the active power to the maximum available 

capacity at a ramp rate of 100 pu/sec. POI voltage is regulated at 1.06 pu to prevent voltage 

transients due to fast ramp up of active power. 

t = 11.28 s: The PV power reaches maximum available capacity of 1 pu at 11.28 s. The 

controller initiates the Mode 4 operation by generating maximum available solar power. 

This study shows that the proposed PV-STATCOM control can ensure fast recovery of 

remotely located IM. The proposed control can provide this critical service with minimal 

curtailment of active power.  

5.5.2 Need for Measurement of IM terminal voltage 

To investigate the requirement of IM terminal voltage as the triggering signal for the 

proposed control strategy, the distance between PV and IM is increased to 40 km and LLL-

G fault is applied for 100 ms at 5 km from the IM (35 km from PV plant). The result of 

this study is shown in Figure 5-5.  

Figure 5-5 (a) – (e) depicts IM terminal RMS voltage, POI RMS voltage, the active 

power output of PV solar farm, the reactive power output of PV solar farm, and motor 

speed respectively. 
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Due to the fault, the IM terminal voltage drops to 0.01 pu voltage. Due to the severe 

drop of voltage, the IM torque becomes oscillatory and speed reduces.  

 

Figure 5-5. Response of the PV Plant with and without the measurement of IM 

terminal voltage. 

5.5.2.1 Without monitoring IM terminal voltage 

The PV plant voltage drops to 0.87 pu due to the fault, and it recovers to 0.99 pu after 

the clearance of fault. As the PV plant is experiencing low voltage of 0.87 pu for a duration 

of 100 ms only, the PV plant rides through the fault by maintaining the steady state 

operation. But the IM experience a severe voltage drop across its terminal and thus the IM 

become unstable as shown in Figure 5-5 (e). 

5.5.2.2 Control based on monitoring IM terminal voltage 

 As the drop in IM terminal voltage is severe, the controller initiates PV-STATCOM 

operation, as soon as it detects the voltage drop. Due to the fast support according to the 

proposed control strategy, the IM recovers and continues its stable operation.  

The following conclusions can be inferred from this study, (i) if the PV plant is located 

far from the IM and a fault happen near to IM terminal, the severity of that fault will not 
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be visible in the PV terminal voltage, and a control strategy based on PV terminal voltage 

fails to ensure stable operation of IM, (ii) even in the case of very remotely located IM (40 

km in this study), the proposed control strategy can ensure stable operation of the critical 

IM for a severe fault at IM terminal. 

5.5.3 Comparison with other smart inverter control strategies 

According to the German BDEW code, during a voltage disturbance, the PV plant is 

required to inject 2% reactive current per 1% voltage drop for a voltage drop below 0.9 pu 

[91]. A voltage support strategy based on injecting real and reactive power in 1: 1 ratio is 

proposed in [101].  The proposed control strategy is compared with the above two methods.  

An LLL-G fault is applied for 100 ms at 10 km from the IM terminal. The PV is located at 

25 km from the IM terminal. The result of this study is shown in Figure 5-6. 

Figure 5-6 (a) – (e) depicts IM terminal RMS voltage, POI RMS voltage, the active 

power output of PV solar farm, the reactive power output of PV solar farm, and motor 

speed respectively. 

 

Figure 5-6. Comparison of proposed method with other smart inverter control 

strategies. 
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Due to the fault, the motor terminal voltage drops to 0.01 pu and the PV terminal 

voltage drops to 0.52 pu. 

5.5.3.1 Case 1: Voltage support according to BDEW [91] 

Due to the drop in PV terminal voltage, the PV inverters inject 0.76 pu reactive current, 

and inject active power using the remaining capacity. The PV plant continues this support 

till the PV terminal voltage recovers to 0.9 pu. Once the voltage stays above 0.9 pu for two 

cycles, the PV inverters curtails reactive support and resume UPF operation by increasing 

the active power to the maximum available capacity. The IM terminal voltage recovers to 

0.82 pu only, when the PV curtails the reactive power support. Due to the low voltage, the 

IM speed drops and finally it stalls. 

5.5.3.2 Case 2: Voltage support according to P and Q in 1:1 ratio 
[101] 

Due to the drop in PV terminal voltage, the PV plant starts injecting 0.707 pu real and 

reactive power. Due to the dynamic support from the PV plant, the PV voltage starts rising. 

As the fault is cleared, the PV terminal voltage increases, and once the PV voltage reaches 

1 pu, the PV stops the voltage support and resumes its normal operation by ramping the 

active power to the maximum available capacity. Similar to BDEW, the IM terminal 

voltage is not recovered when the PV curtails its support, and eventually the motor stalls.  

5.5.3.3 Case 3: Voltage Support according to Proposed Control  

The PV initiates the voltage control strategy as explained in section 5.5.1. The 

performance of the PV plant and IM are discussed in detail for this control strategy in Sec. 

5.5.1. The voltage control according to proposed control strategy is able to ensure stable 

operation of the IM as shown in Figure 5-6. 

The studies are extended to find the capacity of STATCOM needed at IM terminal for 

stable operation of the motor, when the PV is operating according to control strategies 

discussed in Case 1 and Case 2, and the results are shown in Table 5.1.  
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The voltage control strategy according to BDEW requires 3.2 Mvar STATCOM to be 

connected at IM terminal to ensure a recovery of IM similar to the proposed control 

strategy. The control according to 1:1 injection of P and Q requires 2.5 Mvar STATCOM 

to be connected at IM terminal to provide the same performance.  

Table 5.1. Comparison of different smart inverter control strategies. 

Sl. No Control Strategy 
Rating of STATCOM 

required at IM terminal 

1 BDEW 3.2 Mvar 

2 P and Q in 1:1 ratio 2.5 Mvar 

3 Proposed Control Not required 

This study shows that, the proposed control strategy can ensure the stable operation of 

IM even in the cases, where existing smart inverter control strategies failed. To ensure the 

same performance as the proposed control strategy, the voltage control according to 

BDEW, and P and Q in 1:1 ratio has to install 3.2 Mvar and 2.5 Mvar statcom at IM 

terminal, which are expensive devices.  Thus, the proposed control strategy has the added 

advantage of helping the industries to eliminate the installation of expensive FACTS 

devices for critical IM support. 

5.5.4 Performance of the proposed controller in systems with 
various X/R ratios. 

The effectiveness of the proposed controller to ensure stable operation of critical IM is 

tested in systems with various X/R ratios and results are shown in Figure 5-7.  The studies 

are done in system with X/R =1, 2 and 3, to cover the typical X/R ratios of MV network.  

Figure 5-7 (a) – (e) depicts IM terminal RMS voltage, POI RMS voltage, the active 

power output of PV solar farm, the reactive power output of PV solar farm, and motor 

speed respectively. 
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The studies are done to test the capability of the proposed controller to effectively 

estimate the real and reactive power sensitivity of IM terminal voltage and how the control 

can ensure the recovery of IM in various systems.  

 

Figure 5-7. Performance of the proposed controller in systems with various X/R 

ratios. 

It can be observed that the controller is able to estimate the 𝑃௦௘௡௦ and 𝑄௦௘௡௦ in various 

systems and inject real and reactive power according to the 𝑃௦௘௡௦ and 𝑄௦௘௡௦. In system with 

X/R =1, the controller injects P = 0.707 pu and Q = 0.707 pu. The P and Q are 0.447 pu 

and 0.89 pu for X/R =2.  In system with X/R =3, it injects 0.316 pu active power and 0.94 

pu reactive power. The proposed controller is able to ensure stable operation in all the cases 

considered as seen in Figure 5-7.  

The tests confirm that the proposed controller is able to intelligently choose the real 

and reactive power reference according to the system X/R ratio to ensure the stable 

operation of the critical IM.  
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5.5.5 Comparison of Plant Level and Inverter Level Control 

The proposed controller can be implemented at Plant level (PLC) or Inverter level 

(ILC) of a PV plant. Detailed simulation studies are done by implementing the control 

strategy in both plant level and inverter level, to find the best location for implementation. 

The response of the IM and PV plant level parameters are shown in Figure 5-8, and inverter 

level parameters are depicted in Figure 5-9 for both plant level and inverter level control. 

Figure 5-8 (a) – (e) depicts IM terminal RMS voltage, POI RMS voltage, the active power 

output of PV solar farm, the reactive power output of PV solar farm, and motor speed, 

respectively. Figure 5-9 (a) – (f) illustrates PCC voltage, and real and reactive power output 

of inverter 1, PCC voltage, and real and reactive power output of inverter 2, PCC voltage, 

and real and reactive power output of inverter 3, respectively. 

 

Figure 5-8. IM and Plant Parameters for Plant Level and Inverter Level Control. 

The PLC control can ensure a marginally faster recovery of IM terminal voltage and 

speed compared to ILC. The POI voltage is controlled in PLC, whereas PCC voltage is 

controlled in ILC. Thus, the losses in collector system, substation transformer etc., are 

compensated in PLC, and causes faster recovery compared to ILC.  
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In PLC, PV plant continues Mode 1 operation till the POI voltage reaches TOV limit, 

whereas in ILC, the Mode 1 operation is continued till PCC voltage violates the TOV limit. 

Due to the impedance of collector system and transformer, the POI voltage recovers slower 

compared to PCC voltage of Inverter. Thus, if the controller is implemented in PLC, the 

Mode 1 operation is continued till 11.2 s, but in ILC the Mode 1 operation is done till 10.21 

s. Thus, in PLC control, longer duration of Mode 1 operation is required compared to ILC. 

This leads to higher curtailment of active power in PLC compared to ILC. 

 

Figure 5-9. Inverter Parameters for Plant Level and Inverter Level Control. 

In PLC, the inverter terminal voltage violates the TOV limit and experience 

overvoltage for a longer duration. This can lead to tripping of inverter level voltage 

protection. The amount and duration of overvoltage experienced by each inverter depends 

upon the length of collector cable for corresponding inverter and its transformer 

impedance. As these quantities varies for each inverter, it is difficult to estimate the 

duration and depth of overvoltage for each inverter without detailed simulation studies. In 

ILC, as the voltage control is done at PCC of each inverter, none of the inverters will violate 

the TOV limit.  

This study shows that the control done at PLC can ensure faster recovery compared to 

ILC, but it comes at a cost of over voltage at inverter terminals and curtailment of higher 
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active power. Whereas, if the control is done at ILC, it can ensure stable operation of IM 

with less amount of active power curtailment and without overvoltage issues.  

5.6 Small Signal Studies 

The detailed time domain simulation study showed that it is more beneficial to 

implement the proposed control strategy at inverter level. In a utility scale PV plant, there 

are multiple inverters in vicinity and independent control of these inverters can cause 

unnecessary interactions and could cause unstable operation. To perform the stability 

analysis of the control at inverter level, small signal model of the study system is developed 

and eigen value analysis is done for the variation of PV plant and system parameters. The 

parameters are varied between the typical range of them in a medium sized utility scale PV 

plants connected to a distribution network. In the proposed control strategy, the inverters 

operate in different modes of operation as discussed before, and thus the interactions could 

be different in each mode. In Mode 1 and Mode 4, operation the PV inverters inject active 

power and control the reactive power either at power factor specified by user (Mode 0), or 

according to real and reactive power sensitivity (Mode 1).  In Mode 2 and Mode 3, the 

inverter does PCC voltage control and inject active power. 

To study the possible interactions in all Modes, eigen studies are done for two cases,  

1. Case 1:  inverter injecting active power and providing reactive power according 

to the reactive power sensitivity. It represents Mode 0 and Mode 1 operation of 

the proposed PV-STATCOM control. The developed model for Case 1 has 75 

states. 

2. Case 2:  inverter injecting active power and controlling PCC voltage.  It 

represents the Mode 2 and Mode 3 operation. The developed model for Case 2 

has 78 states. 

The small signal model is developed in MATLAB, and it is verified by comparing its 

step response with the response of the detailed switching model in PSCAD. The step 

response of PCC voltage controller of inverter 1 and DC link voltage controller of 

inverter 3 for an underdamped response and oscillatory response, are shown in Figure 

5-10 and Figure 5-11, respectively. 
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Figure 5-10. Step Response of Linearized and Detailed Model for a step change of 

Reference for PCC Voltage Controller of Inverter 1. 

 

Figure 5-11. Step Response of Linearized and Detailed Model for a step change of 

Reference for DC Voltage Controller of Inverter 3. 

5.6.1 Impact of PV plant parameters 

The sensitivity of the controller for the variation of the PV plant parameters is analyzed 

in this section. The plant parameters considered are distance between inverters, and the 
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active power output of the inverters. The bandwidth of DC link voltage controller and PCC 

voltage controller are 50 Hz for both studies. The SCR and X/R are 3 each. 

5.6.1.1 Effect of distance between Inverters 

To study the sensitivity of the PV system for the variation of the distance between the 

inverters, the length of the collector cables connecting inverters to the substation 

transformer are varied. The length is varied between 100 meters to 1 km, to cover the 

possible distances between the inverters in a realistic medium sized utility scale PV plant. 

Various combination of distances is selected in such a way that it covers the different 

possible cases. The dominant eigen values for Case 1 and Case 2 for the variation of the 

distance between inverters are shown in Figure 5-12 and Figure 5-13 respectively. 

 

Figure 5-12. Eigen Values for the variation of distance between Inverters for Case 1. 
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Figure 5-13. Eigen Values for the variation of distance between Inverters for Case 2. 

Loci of one pair of pole varies with the change in distance between inverters for both 

cases, and this mode has highest damping when the distance between inverters are high. 

The participation factor analysis showed that, this mode is influenced by the states 

corresponding to inverter transformer currents, collector cable currents and voltage at 

collector cable terminals. 

5.6.1.2 Effect of PV solar power 

The sensitivity of the eigen values for the variation of PV power is studied and the 

locus of the dominant eigen values for Case 1 for the variation of PV power is depicted in 

Figure 5-14 (a). The behaviour is identical for Case 2, and thus not shown here. 

The different operating scenarios considered are, all the inverters at maximum solar 

irradiance, night time operation (no active power), all the inverters operating in partial 

output (P = 0.5 pu), and two cases corresponding to partial clouding effect. To represent 

clouding effect, following conditions are considered, one inverter is producing lower power 

compared to other two inverters due to partial clouding, and all the three inverters operating 

at different power outputs.  
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Figure 5-14. Eigen Values for the variation of PV solar power for Case 1. 

The operation of the different modes of the proposed controller is not significantly 

affected by the variation of the PV power, and thus the proposed controller can ensure 

stable operation irrespective of the active power output of each inverter. 

5.6.2 Impact of System Parameters 

The impact of system parameters on the performance of a PV plant equipped with the 

proposed controller is investigated in this section. The studies are done for the variation of 

system strength and X/R ratio of the distribution feeder. The bandwidth of DC link voltage 

controller and PCC voltage controller are 50 Hz for both studies. All inverters are 

generating 0.8 pu active power each, and the collector cables 300 m long. 

5.6.2.1 Effect of System Strength 

The short circuit ratio (SCR) is varied at the POI of the PV plant to study the impact of 

system strength on the performance of the controller.  The SCR is varied between 2 (weak 

system) to 12 (strong system) to study the impact. The locus of the eigen values for the 
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Case 1 and Case 2 for the variation of SCR is shown in   Figure 5-15 and Figure 5-16 

respectively.  

 

Figure 5-15. Eigen Values for the variation of system strength for Case 1. 

 

Figure 5-16. Eigen Values for the variation of system strength for Case 2. 

In Case 1, a pair of eigen values moves towards right with the reduction in system 

strength. This pair of eigen value has higher damping in stronger system and its damping 

reduce with reduction in the system strength. The third sensitive pole also shows the same 

trend and moves right with the reduction in system strength.  
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For Case 2, the behavior is identical to Case 1, and a pole moves right with the reduction 

in system strength.  

5.6.2.2 Effect of System X/R 

The X/R ratios of the distribution lines are varied between one to three to study the 

sensitivity of the PV system with the proposed controller on system X/R ratio. The locus 

of the dominant roots for Case 1 and Case 2 for the variation of system X/R ratio is depicted 

in Figure 5-17 and Figure 5-18 respectively.  

 

Figure 5-17. Eigen Values for the variation of X/R ratios of distribution lines for Case 

1. 
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Figure 5-18.Eigen Values for the variation of X/R ratios of distribution lines for 

Case 2. 

The dominant poles showed same behaviour with the variation of X/R ratio in both cases. 

The variation in feeder X/R has slight impact on the poles and the dominant poles moves 

towards right, with the reduction in X/R ratios. 

5.7  Conclusion 

A comprehensive control strategy for the PV-STATCOM control of a PV solar farm 

for providing support to a critical induction motor connected to a remote location at the 

same bus is presented in this chapter. The proposed control strategy measures the 

sensitivity of IM terminal voltage to the active and reactive power output of the PV solar 

farm in regular intervals. During a disturbance, it provides real and reactive power 

according to the measured sensitivity of IM terminal voltage to the active and reactive 

power output of the PV solar farm. Even during low active power generation, the controller 

modulates the active and reactive power within the available capacity to ensure fast 

recovery of IM.  

Extensive simulation studies of the proposed controller, considering a realistic model 

of PV solar farm with the various delays incurred, are done in MATLAB Simulink. The 

simulation studies show that the proposed controller can ensure,  

(i) Stable operation of the critical IM, even for systems with various 
௑

ோ
 ratios. 
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(ii) fast recovery of the IM in cases, where other smart inverter strategies failed.  

Simulation studies using a realistic model of a medium sized PV plant showed that, the 

implementation of proposed controller in inverter level can stabilize IM with minimal 

active power curtailment and no overvoltage issue at inverter terminal, whereas 

implementation at plant level control can cause overvoltage at inverter terminal and 

requires higher active power curtailment. 

Small Signal studies of a medium sized utility scale PV plant connected to distribution 

system, with PV-STATCOM control done at inverter level showed that, 

(i) the typical distance between inverters (usually 100 m – 1km) in a medium sized PV 

plant has small effect on the stability of the proposed controller. 

(ii) the PV power level has no effect on the stability of the proposed controller. 

(iii) the X/R ratio of feeder has small effect on the stability of the proposed controller. 

(iv) the controller is more stable in a stronger system. 
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Chapter 6  

6 Mitigation of Fault Induced Delayed Voltage Recovery 
(FIDVR) by PV-STATCOM 

6.1 Introduction 

This chapter presents a novel day-and- night control of large PV solar farm as PV-

STATCOM for FIDVR alleviation. The proposed control involves dynamic modulation of 

both reactive and real power during day, and of reactive power during night. The active 

and reactive power output of solar farm are based on the sensitivity of solar plant voltage 

to active and reactive power injections. Enhanced voltage control up to utility Transient 

Overvoltage Limit is utilized. Eigenvalue analysis is done to study the sensitivity of 

proposed controller performance to various power system and PV plant parameters. 

Extensive PSCAD simulation studies of FIDVR are performed in a realistic power 

transmission system with large-scale PV plant and comprehensive IM loads. It is shown 

that the proposed PV-STATCOM control: (i) mitigates FIDVR even if solar farm is located 

more than 100 km from motor loads, (ii) is more effective than reactive power support 

required by German Grid Code, (iii) is equally effective as a STATCOM connected locally 

at motor loads, and iv) stabilizes motors at night which is beyond Grid Code requirements.  

6.2 Study System 

The single line diagram of the study system is shown in Figure 6-1. This system has been 

created by incorporating different features of realistic systems in which FIDVR has been 

experienced [61, 182]. An important factor in considering these systems is that a FACTS 

device such as SVC was necessarily required for FIDVR mitigation. The validity of this 

system was ensured by checking that it provided an FIDVR scenario very similar to the 

event reported in Barrow County [61].  

The study system comprises a 200 km single circuit radial transmission system having 

four 138 kV line sections of 50 km each. These 138 kV line sections are represented as 

equivalent pi models. 𝐿ଵ, 𝐿ଶ, 𝐿ଷ, 𝐿ସ, and 𝑅ଵ, 𝑅ଶ, 𝑅ଷ, 𝑅ସ represent the inductances and 

resistances of the different transmission line sections, respectively. Capacitances 𝐶ଵ, 𝐶ଶ, 
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𝐶ଷ, 𝐶ସ and 𝐶ହ represent the sum of transmission line capacitance and shunt capacitor at 

various sections of the 138-kV line. This radial transmission system is supplied by a         

230-kV transmission system at transformer station 𝑇ଵ. The Thevenin equivalent impedance 

of the 230-kV network is represented by inductance 𝐿௚ and resistance 𝑅௚.  A 75 MW PV 

solar farm is connected to the middle of the 138-kV transmission system. The 138-kV 

transmission line feeds a total load of 80 MVA through 138/27.6 kV transformer 𝑇ଶ. The 

load consists of a static load component of 40 MVA and dynamic load component of 40 

MVA, both at 0.9 pf. The voltage dependent model is used to represent the static load 𝐿௦. 

The dynamic load comprises 25% of Type A (compressor motors in commercial cooling 

and refrigeration systems), 25% of Type B (fan motors in residential and commercial 

buildings), 25% of Type C (direct connected pump motors in commercial buildings) and 

25% of Type D (residential air conditioner) motors [3]. The IM parameters are taken from 

[180, 181]. The IMs are rated at 4 kV and are connected to 𝑇ଶ through a 27.6/4  kV 

transformer 𝑇ଷ. The capacitor 𝐶௉ி represents the power factor correction capacitor.  

 

Figure 6-1. Single line diagram of the study system. 

6.3 Structure of a Large PV Solar Farm 

In this study, the large-scale 75 MVA solar plant is modelled as a single equivalent 

inverter with inverter controller, plant controller and plant communication delays [87, 88] 

as depicted in Figure 6-2 (a). The inverter terminal voltage is 0.6 kV, which is stepped up 

to 27.6 kV using inverter pad mount transformers. The PV plant power is fed to the network 

through 27.6/138 kV plant transformer. The delay incurred during the measurement 

process in PV plant is approximated as 10 ms [87]. The collector cable is modelled by its 
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equivalent 𝜋 model. The inductance, capacitance, and resistance of the cable are denoted 

as 𝐿௖, 𝐶௖, and 𝑅௖, respectively.  

A large PV plant has both Power Plant Control (PPC) and individual Inverter Level 

Controllers (ILC). As the plant level  controller is slow, grid supporting functions like 

LVRT and dynamic reactive power support are performed by ILC [87].  In this study as 

well, since the proposed PV-STATCOM controller is for dynamic voltage support, it is 

implemented at ILC.     

6.4 Proposed PV-STATCOM Control 

The proposed PV-STATCOM controller is shown in Figure 6-2 (b). It generates idref and 

iqref for providing fast system support during a disturbance. These current references are 

subsequently transmitted to the conventional inverter controller. The controller consists of: 

(i) Mode Selector, (ii) Sensitivity Calculator and (iii) Current Reference Calculator.   

6.4.1 Mode Selector      

The PV-STATCOM controller operates in three modes: Mode 1, 2 and 3. The real/active 

and reactive power outputs of the PV solar farm at noon in different modes are conceptually 

depicted in Figure 5-3 (whereas actual outputs are described in Sec. 6.6 e.g., in Figure 6-8). 

The operating modes are decided by Mode Selector by monitoring Vpcc, Ppcc and Qpcc. Mode 

0 is the normal pre-fault/disturbance operating mode of the solar farm.    

6.4.1.1 Mode 0 (controlled by Mode 0 signal) 

In this mode, the inverter generates real and reactive power according to real power 

Pavailable and reactive power Qcmd references provided by PPC. Pavailable corresponds to 

available solar irradiance. In Figure 5-3, Pavailable = 1 pu at noon. 

6.4.1.2 Mode 1 (controlled by Mode 1 signal) 

In this mode, PV solar farm injects active power P1 and reactive power Q1 in proportion 

to effective R/X ratio at POI. If P1 < Pavailable, active power output is curtailed to P1 (as 

shown in Figure 5-3) and reactive power is set to Q1. However, if P1 > Pavailable, active 



139 

 

power output is set to Pavailable, and the remaining inverter capacity is used for reactive 

power injection, which may be different than Q1.  

If, due to a system fault/disturbance, Vpcc goes below a threshold voltage Vthresh, Mode 

Selector enables Mode 1 operation by setting Mode 1 signal high. Vthresh is the low voltage 

that results from a fault/disturbance which is sufficient to initiate an FIDVR event leading 

to shutdown of motors. This voltage is system dependent and determined from off-line 

simulation studies for the system under study. Vthresh = 0.75pu for our study system.  

 

 

Figure 6-2. Single Line Diagram of a large PV plant with the proposed PV-

STATCOM controller. 
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The PV plant operates in Mode 1 till Vpcc increases to just below the utility TOV limit 

VTOVL. This enhanced voltage support helps in fast voltage recovery. Once TOV limit is 

reached, Mode 1 operation is disabled, and Mode 2 operation is initiated by setting Mode 

1 signal low and Mode 2 signal high. A TOV counter is used to detect TOV limit violation. 

For instance, a voltage between 1.06 pu and 1.3 pu is permitted for a period of 166 ms [23]. 

The counter is activated (output is set high) when Vpcc crosses utility’s upper steady state 

voltage limit Vpccref (=1.06 pu, here). The counter is kept activated for 150 ms (to be safely 

within the utility limit of 166 ms [90]).  

6.4.1.3 Mode 2 (controlled by Mode 2 signal) 

In this mode which gives preference to reactive power, the PV-STATCOM control 

provides reactive power support Q2 with the objective of maintaining Vpcc at utility’s upper 

steady state voltage limit Vpccref (=1.06 pu, here). If active power was curtailed to P1 in 

Mode 1, it is increased to P2 using the inverter capacity remaining after reactive power 

injection Q2. It is noted that P2 < Pavailable. Even though Vpcc reaches Vpccref, motors still 

need reactive power support for their speeds to return to their prefault stable operating state, 

as in Mode 0. Mode 2 operation is therefore continued till reactive power support is no 

longer required for motor stabilization. A practical way of checking is that Qpcc becomes 

equal to k2 times pre-disturbance value Qcmd. In this study k2=1.1. Once this condition is 

satisfied, Mode 2 operation is disabled, and Mode 3 operation is initiated.   

6.4.1.4 Mode 3 (controlled by Mode 3 signal) 

In this mode that gives preference to active power, the objective is to ramp active power 

from P2 to the pre-disturbance solar power level Pavailable at a high rate (100 pu/s, here) in 

a time period t1. An important aspect of this control is that during power ramp up, voltage 

control is simultaneously performed to maintain Vpcc at Vpccref (=1.06 pu) using inverter 

capacity remaining after real power ramp up.  This unique control prevents occurrence of 

any unwanted voltage oscillations at POI while ensuring a fast ramp up. Mode 3 operation 

is continued till Ppcc reaches at least k1 times Pavailable. In this study k1 = 0.96.  
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6.4.2 Sensitivity Calculator 

This block calculates the real and reactive power sensitivities (Psens, and Qsens) of POI 

voltage by monitoring the change in POI voltage on injection of small amount of real and 

reactive currents. These sensitivities depend upon the effective R/X ratio. The X and R 

change due to system conditions e.g. switching of lines/transformers, turning on/off of 

distributed generators, etc. To accommodate these system changes, Psens and Qsens are 

updated periodically, say every 15 minutes, based on system operation. There is a delay 

incurred in the measurement and communication of VPOI to the ILC, which is considered 

as 100 msec in study [88]. This delay is considered while computing R and X according to 

(1) and (2) respectively, for accurate calculation of Psens and Qsens. 

Effective 𝑅  is calculated by varying id by a small amount Δid (e.g. 10% idmax) and noting 

the change ΔVPOI as below (6-1). 

 𝑅 =  
∆𝑉௉ைூ

∆𝑖ௗ
 ( 6-1) 

Effective 𝑋  is calculated by injecting a small current Δiq (e.g. 10% iqmax) and noting the 

change ΔVPOI as below. 

 X =  
∆𝑉௉ைூ

∆𝑖௤
 ( 6-2) 

 Normalized Psens and Qsens are then calculated as: 

 𝑃௦௘௡௦ =  
𝑅

√𝑅ଶ + 𝑋ଶ
 ( 6-3) 

 
𝑄௦௘௡௦ =  

𝑋

𝑅
∗ 𝑃௦௘௡௦ 

( 6-4) 

6.4.3 Current Reference Calculator 

This block computes idref and iqref for the inverter based on the mode of operation, as 

described below.  
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6.4.3.1 Reference Calculation for Mode 1 

As stated earlier, in this mode the PV solar farm injects active power P1 and reactive 

power Q1 in the ratio of effective R/X ratio at POI. If calculated P1>Pavailable, the inverter 

sets idref to Iavailable (= Pavailable /(1.5vd )). The remaining inverter capacity is utilized to inject 

reactive power and iqref is set to √(I2
max – i2dref), where Imax is the rated inverter current. 

However, if P1<Pavailable, active power is curtailed to P1. Correspondingly idref is set to 

Imax*Psens, and iqref is set to Imax*Qsens.  

 𝑖ௗ௥௘௙ = minimum ( 𝐼௔௩௔௜௟௔௕௟௘ , 𝐼௠௔௫ ∗ 𝑃௦௘௡௦ ) ( 6-5) 

 
𝑖௤௥௘௙ = minimum ൬ට𝐼௠௔௫

ଶ − 𝑖ௗ௥௘௙
ଶ  , 𝐼௠௔௫ ∗ 𝑄௦௘௡௦൰ 

( 6-6) 

6.4.3.2 Reference Calculation for Mode 2 

In this mode, iqref is generated by PCC voltage controller to regulate Vpcc to Vpccref. If 

active power was curtailed during Mode 1 operation to P1, the inverter will increase active 

power to P2 (as described in Mode 2 operation). idref is obtained by dividing active power 

by 1.5vd. 

6.4.3.3 Reference Calculation for Mode 3 

Active power is ramped up from P2 to Pavailable at a fast rate. The corresponding idref is 

obtained by dividing active power by 1.5vd. Voltage control is simultaneously performed 

with reactive power exchange using remaining inverter capacity. Correspondingly, iqref is 

generated as below: 

 𝑖௤௥௘௙ = minimum ( 𝐼௏஼ , ට𝐼௠௔௫
ଶ −  𝑖ௗ௥௘௙

ଶ  ) ( 6-7) 

where, IVC is reactive current required by voltage controller to maintain Vpcc at Vpccref. 

6.4.3.4 Reference Calculation for Mode 0 

In this mode, inverter generates current references Iavailable and IQ from Pavailable and Qcmd 

signals provided by the power plant controller. idref   and iqref are then calculated as  
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 𝑖ௗ௥௘௙ =  𝐼௔௩௔௜௟௔௕௟௘ + ∆𝑖ௗ ( 6-8) 

 𝑖௤௥௘௙ =  𝐼ொ + ∆𝑖௤ ( 6-9) 

where, ∆𝑖ௗ and ∆𝑖௤ are the incremental currents provided by the sensitivity calculator to 

calculate Psens and Qsens, respectively; and IQ = Qcmd /(1.5vd). 

6.5 Sensitivity Studies 

The linearized model of the study system with PV-STATCOM controller is developed 

in dq reference frame in MATLAB. The developed model has 59 states for Mode 1 and 

Mode 0 operation, and 60 states for other modes of operation. The linearized model is 

validated by comparing its step response with the nonlinear system model in PSCAD 

software. The responses of the linear and nonlinear models for a 10% step change in PCC 

voltage reference for an underdamped response case are shown in Figure 6-3 which match 

very well. This close correlation validates the linearized model.  

 

Figure 6-3. Verification of developed small signal model. 

As described earlier, the proposed PV-STATCOM controller is based on modulating 

active and reactive power based on POI voltage sensitivity to active and reactive currents. 

Hence, the controller sensitivity is tested with respect to both system X/R ratio and PV plant 

V
 (

p
u)
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cable X/R ratio. Sensitivity studies are also conducted with respect to varying active power 

levels, since PV plant power varies throughout the day. Loci of sensitive roots are shown 

for Mode 1 and Mode 0 operations here. The locus of dominant modes for other operating 

modes (Mode 2 and 3) also depict similar behavior, and hence not presented here.  

6.5.1  Sensitivity of controller for variation of system X/R ratio 

The loci of sensitive roots with respect to variation of X/R ratio between 2 to 9.5 is 

depicted in Figure 6-4. One dominant mode is seen to become less damped with increasing 

X/R ratio.   

 

Figure 6-4. Variation of dominant eigen values for varying system X/R ratio. 

6.5.2 Sensitivity of controller for variation of PV farm cable X/R  

Typically, X/R ratios of cables in PV plant is less than 2, which is lower than the system 

X/R ratio. Hence, the cable can have a different impact than system impedance on 

controller performance. The cable X/R is varied between 0.5 to 7.5, and the loci of sensitive 

roots are shown in Figure 6-5. The root affected by variation in system X/R shows the same 

trend with variation in cable X/R. System stability is reduced by increase in cable X/R 
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similar to system X/R. It is further observed that cable X/R affects two more roots which 

were not affected by the variation in system X/R. It is thus seen that cable impedance has 

higher impact than system impedance on stability of PV plants equipped with PV-

STATCOM controller.  

 

Figure 6-5. Variation of dominant eigen values for varying cable X/R 

6.5.3 Sensitivity of controller for variation of PV active power  

In the proposed control, PV system can operate in two different states (i) P1 < Pavailable or 

ii) P1 > Pavailable.    If P1 > Pavailable two roots move towards right reducing their damping, 

as shown in Figure 6-6. This demonstrates that the proposed control is more stable when 

PV plant is producing higher power than the level determined by plant sensitivity to real 

power.  
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Figure 6-6. Variation of dominant eigen values for varying PV active power. 

6.6 Simulation Results 

This section presents EMTDC/PSCAD simulation studies of the performance of 

proposed PV-STATCOM control for FIDVR mitigation under widely-different operating 

conditions. In all these studies, the PV plant is initially providing its rated power output of 

75 MW (1 pu) i.e. at full noon operation. An LLL-G fault is initiated at the middle of 

transmission line between PV plant and 138/27.6 kV substation (i.e., 50 km away from the 

motors), and is cleared in 100 ms. 

6.6.1 Response of IMs for LLL-G fault with no PV plant control 

This case is studied to demonstrate the FIDVR phenomenon in absence of any PV system 

control. The PV solar farm is considered to operate at unity power factor (UPF). The 

responses of IMs and PV plant are shown in Figure 6-7. Figure 6-7 (a)-(c) depict PCC 

voltage Vpcc (rms) and 27.6 kV bus voltage (rms); active power (𝑃௉ைூ) and reactive power 

(𝑄௉ைூ) output of PV solar farm (pu); and speeds of the type A-D motors (pu), respectively. 

The active power from PV farm reduces due to fault-induced drop in voltage. The non zero  

𝑄௉ைூ is due to collector cable capacitance. When fault is cleared, the PCC voltage and 27.6 
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kV bus recover only up to 0.86 pu and 0.65 pu, respectively, even after 2s, thus causing an 

FIDVR event. This is due to excessive reactive power drawn by the motors. All motor 

speeds decline steadily, and motors eventually stall.  

 

Figure 6-7. Response of IMs with PV plant without any control. 

6.6.2 Performance of proposed PV-STATCOM controller 

The performance of the 75 MW PV plant with the proposed PV-STATCOM controller 

is shown in Figure 6-8. Figure 6-8 (a)-(g) depict 𝑉௣௖௖, and 27.6 kV bus voltage (rms), 𝑃௉ைூ, 

and 𝑄௉ைூ (pu), 𝑖ௗ and 𝑖௤, electromagnetic torque (pu), and speed of the type A-D motors 

(pu), power consumed by loads, and the operating mode signals of the controller,  

respectively. 

t < 10 s. The PV plant is operating in Mode 0 by generating 1 pu active power at UPF.  

𝑉௣௖௖ is 1.03 pu and the voltage at LV side of 138/27.6 kV substation is 1 pu. The different 

motors are operating at steady state with torques between 0.88 - 0.92 pu and slips within 

3%. The total load power at 27.6 kV bus is 79 + j12.5 MVA.   
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t = 10 s. The faults is applied, due to which  𝑉௣௖௖ and 27.6 kV bus voltages drop to 0.28 

pu and 0.12, pu respectively. The motor torques become oscillatory and their speeds 

reduce. The static load consumption also reduces due to reduction in voltage.  

t= 10.02s.  The 𝑉௣௖௖ threshold is violated at 10.01 s.  As the measurement delay in PV 

plant is 10 ms, the PV-STATCOM controller detects the drop in voltage at 10.02 s and 

changes the mode of operation to Mode 1. The latest X/R measured at POI is 2.46, so the 

controller sets idref =0.3765 pu and iqref =0.926 pu, as explained in Sec.  6.4. 

 

Figure 6-8. Response of the large PV plant with proposed PV-STATCOM control. 
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t = 10.1s. The fault is cleared at 10.1s. Due to fault clearance, both 𝑉௣௖௖ and distribution 

substation voltage increase. Due to P and Q injection by PV-STATCOM, the PCC voltage 

crosses the steady state limit of 1.06 pu at 10.13s and increases to 1.2 pu. 

t = 10.28s. The PV plant continues Mode 1 operation till 𝑉 ை௏௅ is violated. Due to this 

novel feature of extended voltage support, the IMs start recovering. The PV-STATCOM 

controller switches to Mode 2 operation at 10.28s. The reactive power output of PV plant 

is controlled to regulate 𝑉௣௖௖ at 1.06 pu in this mode. idref  and iqref are limited within                    

± 0.3765 pu and ± 0.926 pu, respectively, to provide fast recovery. The PV system injects 

0.9 pu reactive power and 0.35 pu active power at 10.28s. As IMs start recovering, their 

reactive power demand reduces and consequently, the reactive power required to maintain 

𝑉௣௖௖, also reduces. The active power of the PV plant is also increased.  

t= 11.36s. The IMs reach steady state speed at 11.36s. Due to this, the reactive power 

𝑄௣௖௖ required to keep 𝑉௣௖௖ at 1.06 pu falls within k2 (=1.1) times pre-fault reactive power 

output of PV plant, and eventually 𝑖௤ reduces to zero. The PV-STATCOM then changes 

the mode of operation to Mode 0. As PV active power has reached the maximum power 

already (at 10.77 s) in Mode 2, Mode 3 operation is skipped. The PV system starts operating 

at UPF by injecting 1 pu active power to the grid. The IMs resume normal steady state 

operation and total load consumption reaches its pre-fault level.   

The proposed PV-STATCOM controller successfully stabilizes the motors during the 

severe fault and helps in system voltage recovery in 1.36s, which is within the 2s limit set 

by North American Electric Reliability Corporation (NERC) for not to be characterized as 

FIDVR event [5]. Furthermore, the PV plant provides this FIDVR alleviation with an 

energy curtailment (area of real power dip) of only 12 MWs over 1.36s (equivalent to 3.33 

kWh). 

6.6.3 Advantage of enhanced voltage support up to TOV limit 

The performance of PV-STATCOM controller with and without utilizing the proposed 

enhanced voltage control up to the TOV limit, is compared in terms of time taken for 

distribution substation voltage recovery, amount of PV power curtailed, and amount of IM 
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loads becoming unstable. The results are stated in Table 6.1 from which the efficacy of 

proposed enhanced PV-STATCOM control is clearly evident. 

This study shows that with the proposed control, even if the inverter experiences an 

overvoltage for 9 - 10 cycles, a fast recovery of system voltage and motor stabilization is 

achieved with minimal PV power curtailment. The High Voltage Ride Through (HVRT) 

of IEEE Std. 1547-2018 [90] requires the inverter to remain connected even for a voltage 

range of 1.06 pu - 1.3 pu, and hence all PV inverters will be designed to operate in this 

voltage range. The proposed enhanced PV-STATCOM control is thus compliant with [90] 

and can be implemented without modification in existing inverters.  

Table 6.1. Comparison of performance of controller with and without TOV support. 

 Time taken for 27.6 kV 

bus voltage to recover to 

Total PV 

energy lost or 

curtailed  

Total IMs 

becoming 

unstable 
0.9 pu Pre-fault 

With TOV 

control 

0.96 s 1.36 s 12 MWs 

      (=3.33kWh) 

0 MVA 

Without TOV 

control  

1.21 s Voltage does 

not recover 

19.45 MWs 

(=5.4 kWh) 

17.5 MVA  

6.6.4 Comparison of Proposed PV STATCOM Controller and other 
smart inverter controls 

The performance of the proposed PV-STATCOM controller is compared with other 

smart inverter technologies viz. (i) dynamic reactive current injection required under 

German Grid Code  (BDEW) [91], and (ii) only reactive power control of PV-STATCOM 

[138]. According to [91], the PV inverter needs to inject minimum 2% reactive current per 

1% voltage drop below 0.9 pu. In this study, the inverter is set to inject 4% reactive current 

per 1% voltage drop, which is double the minimum requirement set by BDEW. In only 

reactive power control of PV-STATCOM [138], active power is autonomously curtailed 

to zero during a disturbance and the entire inverter capacity is utilized for providing 
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reactive power support. The study results are shown in Figure 6-9.  Figure 6-9 (a)-(e) depict 

PCC voltage (rms), 27.6 kV bus voltage (rms), active power output of PV solar farm (pu), 

reactive power output of PV solar farm (pu), speed of type D IM (pu), respectively. Speed 

of only type D IMs is shown as they have lower inertia and are more prone to instability 

compared to Type A-C motors. 

Proposed PV-STATCOM Control: The performance is same as already discussed in Sec. 

6.6.2. The system voltage reaches steady state at 11.58 s, and FIDVR is avoided.  

Dynamic reactive current injection: 𝑉௣௖௖ increases to 0.85 pu at 10.5 s, and thus iq is 

reduced from 1 pu to 0.2 pu. This reactive support is inadequate, and the IMs eventually 

stall. The 27.6 kV bus voltage recovers only to 0.676 pu causing FIDVR.  

 

Figure 6-9. Comparison of PV-STATCOM and other smart inverter controls 

Reactive power control of PV-STATCOM: The PV plant continues providing reactive 

power support till the TOV limit, and then switches to closed loop voltage control i.e., 

regulating Vpcc to Vpccref (=1.06 pu). The system voltage recovers at 12.7 s and the motor 
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is stabilized. However, since the voltage recovery takes more than 2s per NERC [3], 

FIDVR is technically not prevented.  

This study thus shows that among all the investigated smart inverter controls, the 

proposed P and Q control of PV-STATCOM control is most effective in FIDVR mitigation.  

6.6.5 Comparison of PV STATCOM Controller and STATCOM 

Typically, an SVC or STATCOM is installed close to the distribution substation for 

FIDVR alleviation, as described in Sec. 1.3.3. In this section, a performance comparison is 

presented of: i) 75 MW PV plant operating with proposed PV-STATCOM controller with 

no STATCOM connected at the distribution substation, and ii) 75 MW PV plant operating 

according to BDEW LVRT requirements by injecting 4% reactive current per 1% voltage 

drop for voltage below 0.9 pu [91] with a 34 Mvar STATCOM located at the distribution 

substation. The results of this study are shown in Figure 6-10. Figure 6-10 (a)-(e) depict 

𝑉௣௖௖, 27.6 kV bus voltage (rms), active power output of PV solar farm (pu), reactive power 

output of PV solar farm (pu) and STATCOM, and the speed of type D IM (pu), 

respectively. 

 

Figure 6-10. Comparison of PV STATCOM Controller and actual STATCOM. 

This study shows that a 34 Mvar STATCOM needs to be installed at the distribution 

substation to mitigate FIDVR, even with 75 MW PV solar providing reactive power 
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support as per [91]. However, the same FIDVR mitigation can be accomplished by the 75 

MW solar farm with proposed PV-STATCOM control, even if it is located 100 km away 

from the distribution substation. This demonstrates that the PV solar farm equipped with 

the proposed PV-STATCOM controller can eliminate the need for installing a STATCOM. 

A PV-STATCOM (i.e., a PV solar plant with the proposed PV-STATCOM controls) is 

expected to be about 50 times cheaper than an equivalent sized STATCOM. This is because 

the PV-STATCOM is a relatively small addition in control system with associated 

measurements and protection system, superimposed on the existing inverters, electrical 

substation, bus work, breakers, protection systems, and civil works of a PV plant, which 

transforms the existing solar plant into a STATCOM. Even though in this study, a PV-

STATCOM is shown to eliminate the need of a half-size STATCOM, the financial savings 

can be significant. 

6.6.6   Nighttime Performance of PV-STATCOM controller 

Figure 6-11 (a)-(e) depict 𝑉௣௖௖, 27.6 kV bus voltage (rms), 𝑃௉ைூ and 𝑄௉ைூ (pu), and the 

speed of all IMs (pu), respectively for an LLL-G fault at the middle of transmission line 

between PV plant and 138/27.6 kV substation, at night. Performances of PV system both 

with and without the PV-STATCOM control are illustrated. 

As soon as PV-STATCOM controller detects the fault, it initiates dynamic voltage 

support, as discussed in Sec. 6.4. Since at night the available active power is zero, the 

controller uses full inverter capacity to inject reactive power. Once the TOV limit is 

violated, the controller initiates Mode 2 operation by regulating PCC voltage Vpcc to Vpccref 

(=1.06 pu). Due to PV-STATCOM support, the 27.6 kV bus voltage recovers and 𝑄௣௖௖ 

falls within k2 (=1.1) times pre-fault reactive power output of PV plant. 𝑖௤ eventually 

reduces to zero and the controller stops Mode 2 operation. Mode 3 operation is skipped, as 

the active power is zero. The controller initiates Mode 0 and remains on standby to provide 

grid support during any next disturbance. Without the support of PV-STATCOM control, 

neither PCC voltage nor 27.6 kV bus voltage recovers and all motors stall.  
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Figure 6-11. Performance of PV-STATCOM Controller at night. 

The proposed PV-STATCOM controller thus successfully helps voltages to recover and 

stabilizes motors at night.   

6.6.7 Performance of the proposed PV-STATCOM controller for 
faults at various locations 

The response of the 75 MW PV plant with the proposed PV-STATCOM controller for 

faults at various locations are shown in Figure 6-12. For this study, LLL-G fault for 100 

msec is applied 150 km away from the 138/27.6 kV substation (case 1), 100 km away (i.e., 

at PV plant terminal) (case 2), 50 km away from the substation (case 3), HV side of the 

138/27.6 kV transformer (case 4), and LV side of the 138/27.6 kV transformer (case 5). 

Figure 6-12 (a)-(e) depict the POI voltage (rms), 27.6 kV bus voltage (rms), active power 

output of PV solar farm (pu), reactive power output of PV solar farm (pu), and the speed 

of type D IM (pu), respectively. The speed of only type D motors is shown, as they have 

lower inertia among all the motors, and are more prone to stall during a voltage disturbance.  

t < 10 sec. The system is operating in same steady state condition for all the cases. The PV 

plant is operating in Mode 4 by generating 0.97 pu active power at UPF. The 𝑉௉ைூ is 1.06 
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pu and the voltage at LV side of 138/27.6 kV substation is 1 pu. The different motor loads 

are operating at steady state with torque between 0.88 – 0.92 pu and slips within 3%. The 

total load consumed at 27.6 kV bus is 79 + j12.5 MVA.   

An LLL-G fault is applied at various locations as stated above at t = 10 sec. Due to the 

fault, the 𝑉௉ைூ drops to 0.14 pu, 0.13 pu, 0.31 pu, 0.42 pu and 0.49 pu for case 1-5, 

respectively.  The 27.6 kV bus voltage falls to 0.22 pu, 0.21 pu, 0.12 pu, 0.07 pu and 0 pu 

for case 1-5, respectively.   

 

Figure 6-12. Response of 75 MW PV plant with the proposed PV-STATCOM 

controller for 3-phase to ground fault at various locations. 

The fault is cleared at 10.1 sec. The closed loop delay for a large PV plant is 100 msec 

[88], hence the inverter currents 𝑖ௗ and 𝑖௤ become 0.3765 pu and 0.926 pu, respectively at 

10.11 sec. Due to fault clearance, the POI and 27.6 kV bus voltages rise. The IM’s torque 

increases, and slope of the speed decline reduces.  
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The system voltage recovers at 11.26 sec for case 1 and PV-STATCOM controller 

switches to Mode 4 operation. The voltage recovers for cases 2-4 at 11.32 s, 11.36 s, 11.4 

s, and 11.58 s, respectively. 

This study shows that PV solar plant with the proposed PV-STATCOM control is able 

to provide fast voltage recovery for a severe disturbance such as LLL-G fault at all buses 

including the load terminal (case 5). In all cases, the maximum PV energy curtailed for 

providing this critical support is approximately 72 MWs, which is equivalent to only 20 

kWh.  

6.6.8 PV-STATCOM performance for various system strengths 

  Studies are done on systems with varying Short Circuit Ratios (SCR). Due to 

voltage support from PV solar farm with proposed PV-STATCOM controller, the 27.6 kV 

bus voltage recovers in 11.18s, 11.30s, 11.36s and 11.9s, respectively for SCRs of 6, 4.8, 

2.8, and 1.6, respectively. This study confirms that PV-STATCOM control can help in fast 

voltage recovery in both strong and weak systems and prevent FIDVR.  

6.7 Conclusion 

A novel control of large PV solar farm as PV-STATCOM for providing enhanced voltage 

support utilizing both reactive and active power modulation to alleviate FIDVR is 

presented. The study system comprises a 138 kV transmission network with a 75 MW PV 

solar farm installed midline and feeding 40 MVA voltage dependent static load and 40 

MVA induction motor loads of different types. The PV solar plant injects active and 

reactive power in proportion to sensitivity of POI voltage to real and reactive power. A 

linearized system model is developed for performing various sensitivity studies, which is 

validated by PSCAD simulations. Extensive PSCAD simulation studies demonstrate that 

the proposed PV-STATCOM control: 

(i) mitigates FIDVR even if solar farm is more than 100 km away from the distribution 

substation with motor loads.  

(ii) is more effective than i) reactive power support required by the German Grid Code, 

and ii) PV-STATCOM with only reactive power control 
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(iii) on the 100-km remote 75 MW solar farm ensures similar FIDVR mitigation as a 34 

Mvar STATCOM connected locally at the distribution substation with motor loads.  

(iv) Successfully alleviates FIDVR for: i) wide ranging system strengths, and ii) different 

fault locations  

(v) Provides voltage recovery at night. This functionality is beyond the requirements of 

present day Grid Codes. 
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Chapter 7  

7 Stability Analysis of Two PV-STATCOMs 

7.1 Introduction 

The stability analysis of two PV plants, with PV-STATCOM control, connected to a 

medium voltage realistic feeder is presented in this chapter. Studies are done for (i) PV-

STATCOM control performed at plant level, and (ii) PV-STATCOM control performed at 

inverter level. Studies are done to compare the application of equivalent model and detailed 

model of PV plants for stability analysis. The need for detailed modeling of PV plants for 

stability analysis of the system, is examined. Furthermore, studies are done to test the 

sensitivity of proposed PV-STATCOM controller performance to various power system 

and PV plant parameters.  

7.2 Study System 
A realistic 45 km long 27.6 kV feeder in Ontario, Canada [179] is considered as the 

study system for studying the interactions between two PV plants in a medium voltage 

distribution system.  

The single line diagram of the study system is shown in Figure 7-1. The transformer 𝑇ଵ 

is rated 115 kV/27.6 kV, 20 MVA with 5% impedance. The distribution lines are 

represented by their equivalent pi models. A total load of 5.3 MVA at 0.9 power factor is 

connected at the feeder end. For simulation studies, 50% of loads are modelled as IM loads 

and other 50% as voltage dependent static loads (SL). The IM loads are rated at 4 kV [180] 

and are connected through transformer 𝑇ଶ  rated 27.6/4 kV and 5% impedance.  

A 6 MW PV solar farm is connected to the feeder at Bus 3 and a 4 MW solar farm is 

connected to Bus 4. The 6 MW plant and 4 MW plant consists of three and two 2 MW 

inverters, respectively.  The inverters and collector cables of 6 MW PV plant are 

represented as Inv 1x and Cable 1x, respectively, where x is an index for the inverter unit. 

Similarly, inverters and collector cables of 4 MW PV plant are denoted as Inv 2x and Cable 

2x, respectively. 
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Figure 7-1. Single Line Diagram of the study system. 

7.3 Modeling of the PV plant 

A PV plant consists of multiple inverters which can be either modelled in detail or as an 

equivalent model. Typically, they are represented by their equivalent single inverter model 

as discussed in Sec. 2.5 [87]. For studying the transients that occur within the plant, the PV 

plant is modelled in detail with detailed models of inverters, filter, collector system and 

pad mount transformers etc. as discussed in Sec. 2.3. The detailed model of the 6 MW PV 

plant used in this study is described in Sec. 5.2.  

7.4 Small Signal Model 

The modeling of the study system is discussed in this section. The nonlinear model of study 

system is developed in MATLAB from the differential equations of various components 

described in Chapter 2. The developed model is linearized around an operating point using 

MATLAB control system toolbox. 

The linearized model is validated by comparing its step response with the nonlinear 

system model in PSCAD software. The responses of the linear and nonlinear models for a 

10% step change in PCC voltage reference, and 10% step change for DC link voltage 
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reference for an underdamped response case and oscillatory response case, are shown in 

Figure 7-2 and Figure 7-3, respectively. It is observed that the responses of linearized and 

detailed time domain model match very well in both cases. This close correlation validates 

the linearized model.  

 

Figure 7-2. Response of Linearized model and PSCAD model for a step change of 

Reference for PCC Voltage Controller of an inverter of 6 MW PV plant. 

 

Figure 7-3. Response of the Linearized model and PSCAD model for step change of 

Reference for DC link Voltage Controller of an inverter of 4 MW PV plant. 
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7.5 Comparison of Equivalent Model and Detailed Model of 
PV Plant for Stability Studies 

Utility scale PV plant consists of multiple inverters which are typically modelled as a 

single equivalent PV plant model for stability studies. In this section, the equivalent model 

and detailed model are compared in terms of their application for small signal studies. Since 

the interactions between Volt-Var controllers are reported widely in literature [152-155, 

157], the PV plants in study system are equipped with Volt-Var control for the comparison 

study. 

For the equivalent PV plant model, the 6 MW and 4 MW plants are modelled with their 

corresponding equivalent PV plant models. The detailed model of PV plant includes 

individual models of all inverters and their filters, the inverter level transformers, all the 

collector cables and plant transformer.  

The block diagram of a Volt-Var controller is shown in Figure 7-4.  The delay and 

slope of the Volt-Var control are user settable. The slope of the Volt-Var controller is 

defined as in (7-1). 

 

Figure 7-4. Block diagram of Volt-Var Controller. 

 𝑆𝑙𝑜𝑝𝑒 =  
ொభି଴

௏భି௏మ
  for Capacitive Reactive power injection ( 7-1) 
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Slope =    
ொమି଴

௏రି௏య
 for Inductive Reactive power injection 

7.5.1 Response of Equivalent Model 

            The PV plants are modelled with their corresponding equivalent models and the 

system response is studied for both a small and large slope. 

 

Figure 7-5. Response of equivalent model with Volt-Var characteristic of slope = 2 

 

Figure 7-6. Response of equivalent model with Volt-Var characteristic of slope = 7.5 
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The distance between the two PV plants is 5 km and both are assumed to generate 

0.8 pu of their rated capacity active power. The delay is set at 100 ms for Volt-Var 

controllers of both PV Plants. A load of 0.4 + j1.5MVA is switched at 10s. The response 

of both PV plants with equivalent models for a slope of 2 and 7.5 are shown in Figure 7-5 

and Figure 7-6, respectively. 

For a small slope (slope = 2), the system is stable as shown in Figure 7-5. When a 

large slope (slope = 7.5) is used, the system becomes unstable for the same load change. 

This shows that as the slope increases, the stability of the system reduces. This result 

matches with the findings reported in literature [152, 153, 155].  

7.5.2 Response of Detailed Model 

The detailed model of 6 MW and 4 MW PV plants are used in this study to compare 

their response with the response of the equivalent models described above. 

 

Figure 7-7. Response of detailed model with Volt-Var characteristic of slope = 2 

The distance between the two PV plants is 5 km and both are assumed to generate 

0.8 pu of their rated capacity active power. The delay is set at 100 ms for Volt-Var 

controllers of both PV Plants. A load switching is done at 10s and the response of both the 

PV plants with the equivalent plant models for a slope of 2 and 7.5 are shown in Figure 7-7 

and Figure 7-8, respectively. 
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The system is seen to be stable for both the slopes, even though slightly more 

oscillations are observed in case of large slope of 7.5 as compared to small slope of 2.  

 

Figure 7-8. Response of detailed model with Volt-Var characteristic of slope = 7.5 

By comparing the response of the equivalent and detailed model for slope = 7.5, it 

is observed that the equivalent model shows unstable operation while the detailed model 

shows stable operation for the same slope. This implies that the equivalent model can 

potentially show unstable operation for slopes for which the PV plant is actually stable.  

Thus, if equivalent model is used for stability analysis, it could give incorrect and 

pessimistic information about the stability of the system. A low value of slope of the Volt-

Var controller will unnecessary be selected, resulting in a slower PV plant response.  

The eigen value analysis also shows the same result. The dominant poles of detailed 

and equivalent model are -6.72±j51.13 and -0.4±j68.13, respectively. This further confirms 

that the equivalent model provides pessimistic and inaccurate information about the 

stability of system. 

Therefore, detailed model of PV plants should be utilized for stability analysis of 

the controller, as equivalent model fails to give correct information on the stability of 

system. 
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7.6 Stability Analysis of Two PV-STATCOM controllers 

The proposed PV-STATCOM controller can be implemented either at Plant Level 

Controller (PLC) or at the Inverter Level Controller (ILC). The structure of Plant Level 

Control and Inverter Level Controllers are discussed in detail in Chapter 1.5.2. Small signal 

studies of the PV-STATCOM controller implemented at PLC and ILC are now performed 

to assess the impact of different system and plant level parameters on the stability of the 

system with multiple PV-STATCOMs.  

Based on the results of the previous section, the studies in this section are conducted 

using detailed model of the PV plants. 

7.6.1 PV-STATCOM control implemented at Plant level 

The interactions between adjacent PV plants; and the influence of system and PV plant 

parameters when the proposed PV-STATCOM control is implemented at PLC are studied 

in this section. 

7.6.1.1 Impact of Speed of Voltage Controller 

The maximum switching frequency of a typical 2 MW inverter is limited to 2 kHz to 

reduce switching losses, and hence the inverters are switched at 2 kHz in this study. The 

bandwidth of the inner current controller should be at least 10 times lower than the 

switching frequency [172] and therefore the current controllers are designed with a 

bandwidth of 200 Hz. The outer voltage controller’s bandwidth should be at least four 

times lower than the current controller bandwidth i.e, 50 Hz. In this study, the bandwidth 

of voltage controller is varied between 5 Hz and 50 Hz, which covers the range of the 

possible bandwidths of the voltage controller of a 2 MW PV inverter. The dominant eigen 

values of the system for variation in voltage controller bandwidth are depicted in Figure 

7-9. The bandwidth of the voltage controllers of both plants are changed, simultaneously. 

The relation between the bandwidth and parameters of the PI controller for voltage 

controller can be approximately given as [183], 
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 𝐾௉௩௖ =  
𝐵𝑊௩௖

𝐵𝑊௖௖𝑤௡𝐿௚
  (7.1) 

 𝐾ூ௩௖ =  
𝐵𝑊௩௖

𝑤௡𝐿௚
 (7.2) 

where,  

𝐵𝑊௩௖  = bandwidth of the AC voltage controller 

𝐵𝑊௖௖ = bandwidth of the Current controller (200 Hz in this study) 

𝑤௡  = system frequency 

𝐿௚  = Thevenin inductance at PV solar farm terminal. 

As per (7.2), speed of response is directly proportional to bandwidth of the controller, 

because speed is determined by the integral gain (𝐾ூ௩௖), and (7.2) implies that integral gain 

(𝐾ூ௩௖) is linearly proportional to bandwidth. 

The PV-STATCOM control performed at PLC experiences a delay, which includes the 

communication delay between plant level controller and inverter level controller, 

measurement delay, etc. In a PV plant, this delay lies between 0.1 s – 1.5 s [87, 88]. In this 

study, the delay is set as 1 s. The 
௑

ோ
 ratio of the feeder is 3, and the SCR at Bus 3 is 

considered to be 3.  The distance between the PV plants is 5 km. 
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Figure 7-9. Variation of dominant eigen values for varying voltage controller 

bandwidth. 

The poles shift to the right as controller speed is increased (i.e., with increasing 

bandwidth (BW)), as seen in Figure 7-9.  The frequency and damping of this mode also 

reduce with increase in controller speed.  

7.6.1.2 Impact of Plant Level Controller delay 

In a PV-STATCOM, the communication of control instructions from PV-STATCOM 

controller installed at Plant Level Controller to Inverter Level Controllers experiences a 

delay. This delay is a part of the voltage control path and thus could have an impact on the 

controller performance. In order to study the impact of this delay, the plant level delay is 

varied between 0.1 s – 0.9 s and the loci of dominant poles for this variation of delay are 

presented in Figure 7-10. In this study, the voltage controller bandwidth is set at 50 Hz. 

The system conditions are same as in the previous study. 

The variation in plant level delay has impact on two critical modes, and they show 

opposite behavior. One mode tends to become unstable with increase in delay, and other 

mode becomes stable with increase in delay. For the system considered, a delay greater 

than 0.9 s is required to ensure stable operation. 
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Figure 7-10. Variation of dominant eigen values for varying plant level delay. 

7.6.1.3 Impact of PV plant output power 

The poles of the system for variation of PV plant output active power is depicted in 

Figure 7-11. The different cases of PV power levels considered in this study are: (i) when 

both PV plant are producing high power (0.9 pu), (ii) when both are producing 0.5 pu 

power, (iii) night time operation (zero active power), (iv) partial shading on 6 MW PV 

plant, (v) partial shading on 4 MW PV plant. 

 

Figure 7-11. Variation of dominant eigen values for varying PV plant output power. 
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In this study, the voltage controller bandwidth and plant level delay are set at 50 Hz and 

1 s respectively. The other system conditions are same as in the previous study. 

From Figure 7-11, it is observed that the level of active power output of PV plants has 

no significant impact on the interactions between the two PV plants while performing PV-

STATCOM operation, implemented at PLC. 

7.6.1.4 Impact of feeder 𝑿

𝑹
 ratio 

The system 
௑

ோ
 is varied between 1-5 to study its influence on the interaction between PV 

plants while providing PV-STATCOM control at plant level. In this study, the voltage 

controller bandwidth and plant level delay are set at 50 Hz and 1 s respectively. The SCR 

at Bus 3 is 3. The results are shown in Figure 7-12.  

With increasing  
௑

ோ
, as the network becomes more inductive, the sensitive pole shifts to 

the right slightly reducing the modal damping. The variation in 
௑

ோ
 ratio has however no 

effect on the frequency of the sensitive mode. 

 

Figure 7-12. Variation of dominant eigen values for varying system 
𝑿

𝑹
 ratio. 
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7.6.1.5 Impact of system strength  

The effect of system strength is evaluated by varying the short circuit ratio (SCR) at Bus 

3 from 2 (weak system) to 12 (very strong system). In this study, the voltage controller 

bandwidth and plant level delay are set at 50 Hz and 0.5 s respectively. The 
௑

ோ
 ratio of feeder 

is 3.  The result of this study is presented in Figure 7-13.  

 

Figure 7-13. Variation of dominant eigen values for varying system strength. 

Two pairs of poles are affected by variation in system strength. One pair of pole moves 

to the right reducing its stability with decreasing system strength. The other pair of pole 

shifts left with the reduction in system strength. For SCR less than 3.5, the first pair of pole 

moves to right half plane, causing unstable operation. The time domain response of the 

system with SCR =3 and delay = 0.5 s, for a step change in voltage reference is shown in 

Figure 7-14. This confirms that fast control at PLC can cause unstable operation in a weak 

system. The participation factor analysis of the unstable mode is depicted in Table 7.1. It 

is seen that this mode is caused due to interaction between the voltage controllers and delay 

of both PV plants. These results show that the speed of the controller should be reduced in 

a weak system to ensure stable operation. 
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Figure 7-14. Both PV plant terminal voltages for a step change in Voltage reference 

in a system with SCR = 3. 

Table 7.1. Participation factors of unstable mode. 

Sl. No State   Participation factor 

1 Voltage controller of PV plant 1 14.19% 

2 Delay of Voltage Controller of PV plant 1 13.83% 

3 Voltage controller of PV plant 1 22.24% 

4 Delay of Voltage Controller of PV plant 1 21.67% 

7.6.1.6 Impact of distance between PV plants 

The effect of distance between the PV plants on system stability is assessed by varying 

the distance between them and the results are illustrated in Figure 7-15. The total length of 

the study feeder is 45 km. The distance between the PV plants is varied between 2.5 km to 

32.5 km to cover as wide range of distance as possible.  The SCR at Bus 3 is kept constant 

in this study by not varying the length of feeder between Bus 1 and Bus 3 of Figure 7-1. 

In this study, the voltage controller bandwidth and plant level delay are set at 50 Hz and 

1 s, respectively. The 
௑

ோ
 ratio of feeder and SCR at bus 3 are kept at 3 and 3, respectively.   

10 10.5

0.95

1.05
V

 (
p

u
)

PCC Voltage of 
6 MW PV Plant  

9 10 11
t (sec)

0.95

1.05

V
 (

p
u

)

PCC Voltage of 
4 MW PV Plant  



172 

 

 

Figure 7-15. Variation of dominant eigen values for varying distance between PV 

plants. 

Two sensitive poles shift rightwards with reduction in distance between the PV plants. 

This shows that the two PV plants will tend to interact adversely as the distance between 

them decreases.   

7.6.2 PV-STATCOM control performed at Inverter level 

The interactions between adjacent PV plants; and the influence of system and PV plant 

parameters when the proposed PV-STATCOM control is implemented at inverter level 

control (ILC), is studied in this section. In ILC, each inverter does the voltage control at its 

PCC, autonomously. In this study, the speed of all voltage controllers is kept at same value. 

7.6.2.1 Impact of Speed of Voltage Controller 

The bandwidth of the voltage controller is varied between 50 Hz– 5 Hz to study the 

impact of speed of voltage controllers on the interaction between PV plants. In this study, 

the 
௑

ோ
 ratio of feeder and SCR at bus 3 are kept at 3 and 3 respectively.  The distance between 

PV plants is 5 km. The results are depicted in Figure 7-16. 



173 

 

 

Figure 7-16. Variation of dominant eigen values for varying speed of voltage 

controller. 

It is seen that as the controller speed increases the dominant poles shift rightwards 

reducing system stability. A slower voltage controller ensures more stable operation. Thus, 

the speed (bandwidth) of the voltage controller should be designed considering this 

stability issue.  

Table 7.2. Participation factor of dominant mode for PV-STATCOM control done 

at inverter level. 

Sl.  

No 

State   Participation 

factor 

1 Voltage controller of inverter 1 of PV plant 1 20.95% 

2 Voltage controller of inverter 2 of PV plant 1 20.95% 

3 Voltage controller of inverter 3 of PV plant 1 21.02% 

4 Voltage controller of inverter 1 of PV plant 2 18.52% 

5 Voltage controller of inverter 2 of PV plant 2 18.56% 
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The participation factor analysis of the sensitive mode shows that this mode is affected 

by all the five voltage controllers almost equally, as shown in Table 7.2. It is expected that 

the interaction between the voltage controllers within the plant will be higher compared to 

the interaction between the voltage controllers of different PV plants. This is because the 

voltage controllers within the plant are located more closely, and their voltage regulating 

terminals are separated by only by short collector cables. This participation factor analysis 

shows that even if PV plants are located 5 km apart, the inverter level voltage controllers 

of adjacent voltage controllers tend to adversely interact each other. Thus, the design of the 

inverter level controllers should be done considering this interaction between plants to 

ensure stable operation.  

7.6.2.2 Impact of varying PV Power 

The sensitivity of the critical system poles to variation of PV plant output active power 

is studied in this section. The different cases of PV power levels considered in this study 

are: (i) when both PV plant are producing high amount of power (0.9 pu), (ii) when both 

are producing 0.5 pu power, (iii) night time operation (zero active power), (iv) partial 

shading on 6 MW PV plant, (v) partial shading on 4 MW PV plant. Similar to PV-

STATCOM control implemented at PLC, the PV active power output has no significant 

effect on stability when the control is done at ILC. The response is identical to Figure 7-11, 

and thus not shown here. 

7.6.2.3 Impact of feeder 𝑿

𝑹
 ratio 

The 
௑

ோ
 ratio of the feeder is varied between one to five, to assess the impact of 

௑

ோ
 ratio, 

and the results are illustrated in Figure 7-17. In this study, the SCR at bus 3 is 3. The 

distance between PV plants is 5 km, and the voltage controller bandwidth is 50 Hz. 

When the control is done at inverter level, a pole moves left with increase in 
௑

ோ
 ratio. The 

variation of  
௑

ோ
 ratio has a very small impact on the dominant pole. 
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Figure 7-17. Variation of dominant eigen values for varying X/R ratio 

7.6.2.4 Impact of system strength 

The effect of system strength on the interaction for ILC is done by varying the SCR 

between 2 (weak system) and 12 (strong system). In this study, the 
௑

ோ
 ratio of the feeder is 

3.  The distance between PV plants is 5 km, and the voltage controller bandwidth is 50 Hz. 

The results of this study are presented in Figure 7-18.  

 

Figure 7-18. Variation of dominant eigen values for varying system strength. 
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Figure 7-19. Terminal Voltages of both PV plants for a step change in Voltage 

reference for SCR = 3, at Bus 3. 

The inverter level control is more stable in a stronger system. The stability reduces as 

the system strength is decreased. In ILC, the system is stable for all the values of SCR 

considered, whereas the system become unstable for SCR less than 3.5 in plant level 

control.  

The POI voltage of both PV plants for a step change in voltage reference for SCR =3, 

is shown in Figure 7-19. Comparing the eigen values and time domain response of both 

ILC and PLC, it can be concluded that in a weaker system the PLC control can causes 

unstable operation, whereas ILC can ensure stable operation for the same speed of 

response, even in a system with low SCR. 

7.6.2.5 Impact of distance between PV plants 

The effect of distance between the PV plants on the interaction between PV-STATCOM 

controllers is assessed by varying the distance between them. The result is illustrated in 

Figure 7-20. The total length of the feeder considered is 45 km, and the distance between 

the PV plants are varied between 2.5 km to 32.5 km to cover the widest possible range of 

distance in the study system.  The SCR at Bus 3 is kept constant in this study by not varying 

the length of feeder between Bus 1 and Bus 3 of Figure 7-1. 
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In this study, the 
௑

ோ
 ratio of the feeder is 3.  The SCR at Bus 3 is 6, and the voltage 

controller bandwidth is 50 Hz. 

 

Figure 7-20. Variation of dominant eigen values for varying distance between PV 

plants. 

  It is seen that the PV plants tend to interact adversely as their distance between them 

decreases.  

7.7 Summary of impact of various parameters on location 
of PV-STATCOM control. 

  The summary of the impact of key parameters on the performance of the two PV plants 

when the PV-STATCOM control is performed at plant level and inverter level, is 

presented in Table 7.3. 

Table 7.3. Impact of various parameters on location of PV-STATCOM control 

Sl. No Parameter   PV-STATCOM at plant 

level 

PV-STATCOM at 

inverter level 

1 Speed of Controller Stability reduces with 

faster control 

Stability reduces with 

faster control 
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2 ௑

ோ
 ratio of the feeder Critical pole is affected 

slightly 

Critical pole is 

affected slightly 

3 System Strength Tends to become 

unstable in a weak 

system 

Stable in even weak 

system 

4 Distance between the 

PV plants 

Interaction increases with 

closeness 

Interaction increases 

with closeness 

7.8 Conclusion 

The stability analysis of two PV-STATCOMs connected to a medium voltage realistic 

feeder is presented. The study system comprises of a 6 MW and 4 MW PV plants connected 

in a 45 km realistic feeder in Ontario, Canada, feeding 5.3 MVA load at 0.9 power factor.  

Initial studies are done using detailed model and equivalent model of PV plant for 

Volt-Var control to compare the application of detailed and equivalent PV Plant model for 

stability analysis.  Studies shows that if equivalent model is used for controller design, it 

will result in undesirable slowdown of controller. Thus, it is recommended to use detailed 

model.  

The stability analysis of the PV plants for PV-STATCOM control implemented at 

plant level and inverter level are done. The influence of different parameters on stability is 

further done. The small signal analysis showed that  

(i) If the controller is implemented at plant level, the controller could become 

unstable in a weak system, whereas inverter level control can ensure stable 

operation even in a system with low SCR. 

(ii) Two critical modes are influenced by the plant level delay. One tends to become 

unstable with increase in delay, whereas other become stable with increase in 

delay. Thus, based on the studies performed, impact of delay should be analyzed 

system by system case. 
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Chapter 8  

8 Conclusions and Future Work 

Induction motors (IM) are globally used in several critical operations such as 

petrochemicals, mining, process control, etc., where their shutdown, even temporarily, 

during system faults can cause significant financial loss to industries. System faults can 

also lead to Fault Induced Delayed Voltage Recovery (FIDVR) causing service disruption 

to a large number of customers. Dynamic reactive power compensators such as SVC and 

STATCOM are conventionally employed to mitigate these issues, however, these devices 

are very expensive. 

PV solar plants are growing at an unprecedented rate globally and are quite likely to 

be installed near such critical motors. This thesis presents several novel applications of a 

patented technology of utilizing PV solar plants, both during night and day, as STATCOM, 

termed PV-STATCOM, for mitigating above issues at about 50 times lower cost than 

equivalent-size STATCOMs.  

 A reactive power modulation based PV-STATCOM control is developed to 

stabilize remotely located critical motor both during night and day in a realistic distribution 

feeder in Ontario. The performance of the proposed control is compared with reactive 

power support proposed in the pioneering German Grid code. This control is field 

demonstrated for first time in Canada (and perhaps in world) on the 10 kW PV solar system 

connected in the utility network of Bluewater Power Distribution Corporation, Sarnia, 

Ontario. 

Another novel control strategy based on active and reactive power modulation of 

PV-STATCOM is developed. Its effectiveness compared to a simple reactive power based 

PV-STATCOM control in a realistic utility network is investigated through MATLAB and 

PSCAD simulation studies.   

A new real and reactive power control of PV-STATCOM is proposed to alleviate 

FIDVR. The efficacy of the proposed PV-STATCOM control on solar farm located 100 

km away from a cluster of motors in a realistic transmission network is studied.  The PV-
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STATCOM capability is examined for a wide range of system parameters and operating 

conditions through Electromagnetic Transients simulation studies using PSCAD software. 

A comprehensive sensitivity and stability analysis of single and two PV-

STATCOMs connected to a distribution network is performed with: i) equivalent and 

detailed PV-STATCOM model, and ii) PV-STATCOM control implemented both at plant 

level and inverter level. The effectiveness of detailed modeling and controller location, and 

impact of different parameters causing adverse interaction, are investigated. 

8.1 Modeling of Grid Connected PV System 

A detailed nonlinear model of a PV solar farm is presented in Chapter 2.  The modeling of 

various components of PV system viz., solar panels, inverter, filter, transformer, collector 

cables, etc., is described. The design procedure for various components is presented. The 

overview of the novel PV-STATCOM controller is presented and the design of controllers 

of its various control units is described.  The detailed and equivalent models of utility scale 

PV solar farm are introduced and the procedure for designing various components of the 

equivalent model is presented.  

8.2 PV-STATCOM Control for Stabilizing a Remote Critical 
Induction Motor 

In chapter 3, a novel reactive power control of PV-STATCOM for stabilizing a remote 

critical induction motor is presented. The developed control provides enhanced voltage 

support utilizing the transient overvoltage voltage limit, and thus helps in fast recovery of 

induction motor voltage. The proposed controller provides a new fast active power ramp-

up with simultaneous dynamic voltage control. Extensive simulation studies on the 10 kW 

PV solar farm connected in the utility network of Bluewater Power Distribution 

Corporation, Sarnia, shows that the proposed control can ensure stable operation of the 

critical IM, even for cases in which reactive power support according to German Grid Code 

fails to stabilize the motor. The remotely located PV-STATCOM control is as effective as 

a locally connected STATCOM at IM terminal. The proposed PV-STATCOM control can 

thus eliminate the need for installing an expensive STATCOM for IM stabilization.  
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Simulation studies on a realistic 27.6 kV distribution feeder in Ontario, shows that the 

proposed PV-STATCOM controller can ensure stable operation of a remote IM, even if 

located 20 km away, for a wide range of system strengths, feeder X/R ratios, distances 

between PV plant and IM, and voltage sag depths. 

8.3 Night and Day Field Demonstration of PV-STATCOM 
Technology for Stabilizing Critical Induction Motor 

Chapter 4 presents the first time in Canada (and first in the world, to the best of 

author’s knowledge) night and day field demonstration of the patented PV-STATCOM 

technology. The PV-STATCOM technology is demonstrated on a 10 kW PV solar farm 

connected to the utility network of Bluewater Power Distribution Corporation, Sarnia, 

Canada.   

The German Grid Code [93], which is the pioneering grid code for smart inverters, 

requires dynamic reactive power support during low voltage ride through, whereas it is 

optional in the recently adopted IEEE 1547- 2018. Simulation and field studies show that 

the PV-STATCOM can stabilize a 5 hp induction motor located 16 km away from the PV 

solar farm, whereas reactive power support by PV solar farm according to the German Grid 

Code fails to do so. 

The PV-STATCOM control is shown to be effective even with a large 750 ms delay 

in communication of motor terminal voltage signal to PV solar farm location, which is 7 

times more than the communication delay in real conditions. The application of PV-

STATCOM to stabilize the critical induction motor is demonstrated for both day and night. 

It is shown that PV-STATCOM can provide dynamic voltage control in 1-2 cycles, which 

is identical to the speed of response of commercial STATCOMs. With the proposed PV-

STATCOM control, active power can be ramped up to its pre disturbance level within 3 

cycles after the recovery of motor voltage.  
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8.4 Coordinated Active and Reactive Power Control of PV-
STATCOM for Stabilizing a Remote Critical Induction 
Motor 

A novel control strategy for PV-STATCOM using combined active and reactive power 

modulation is presented in Chapter 5. The control strategy proposed in Chapter 3 is 

modified and a patented control based on active and reactive power modulation is presented 

in this chapter. The controller measures the sensitivity of motor terminal voltage to 

injection of active power and reactive power by PV-STATCOM, at regular intervals. 

During a disturbance, the PV-STATCOM provides real and reactive power according to 

the latest measured sensitivities, PV solar farm active power output and terminal voltage 

of PV inverters.  Extensive simulation studies using a realistic model of utility scale PV 

solar farm, including communication delays, shows that the combined real and reactive 

power control of PV-STATCOM can ensure a fast recovery of motor terminal voltage. The 

combined active and reactive support can provide enhanced voltage recovery as compared 

to reactive power support alone. 

The simulation studies using a detailed model of PV solar farm further showed that 

implementation of proposed PV-STATCOM control at inverter level can minimize the 

amount of active power curtailed and can avoid over voltage at inverter terminal. Whereas, 

implementation at plant level can cause over voltage at inverter terminal and require more 

active power curtailment. 

Small signal studies of a medium sized utility scale PV plant connected to distribution 

system, with PV-STATCOM control done at inverter level shows that the system is more 

stable for: i) system with higher X/R ratio, ii) system with higher strength (short circuit 

level), and iii) maximum distance between inverters in the PV plant. 

8.5 Mitigation of Fault Induced Delayed Voltage Recovery 
(FIDVR) by PV-STATCOM 

A novel control strategy based on the dynamic modulation of active and reactive 

power of PV-STATCOM for mitigation of FIDVR in a cluster of induction motors located 

about 100 km away, is presented in this chapter. The proposed control strategy is based on 
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the modulation of real and reactive power during daytime and modulation of reactive power 

during night. The controller modulates active and reactive power according to the 

sensitivity of the solar plant voltage for active and reactive power output of PV plant. The 

PV-STATCOM provides dynamic voltage support in three modes which are decided based 

on PV plant terminal voltage, active power output of PV plant, and PV inverter terminal 

voltage.  

Extensive simulation studies using the equivalent model of a 75 MW PV solar farm 

connected to a 138 kV transmission network, shows that the proposed PV-STATCOM 

control can mitigate FIDVR, and is more effective than i) reactive power support per 

German Grid Code, and ii) active and reactive power modulation in 1:1 ratio, as proposed 

in recent literature.  

This study shows that the proposed PV-STATCOM control: i) provides a better 

performance than German Grid Code, and ii) eliminates the need of local STATCOM for 

achieving the same objective, bringing substantial cost-saving. 

8.6 Stability Analysis of Two PV-STATCOMs 

This chapters presents the stability analysis of two PV-STATCOMs connected to a 

realistic 27.6 kV distribution feeder in Ontario, Canada. The suitability of equivalent and 

detailed model of a utility scale PV solar plant for stability analysis is investigated. A power 

system which is demonstrated to be stable using detailed PV system model is shown as 

unstable by use of equivalent model. It is therefore recommended that detailed model be 

used for controller design. 

Stability analysis of PV-STATCOM control implemented both at Plant level and 

Inverter level are performed and the sensitivities of both the controllers to system 

parameters is studied. For both cases, stability reduces with faster control. For both 

implementations, the system is more prone to adverse control interaction when the distance 

between PV plants decreases.  

The PV-STATCOM control when implemented at Plant level may result in unstable 

operation in weak systems with low system strength (SCR), whereas PV-STATCOM 
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controller implemented at Inverter level ensures stable operation even in such weak 

systems. Two critical modes are affected by the variation of plant communication delay, 

and display opposite stability behavior with increasing delay. One mode becomes unstable 

with decreasing delay while the other becomes unstable with increasing delay. Thus, the 

impact of plant level delay on system stability should be analyzed on system by system 

basis. 

8.7 Discussion 
 The PV-STATCOM is a new smart inverter as it provides real and reactive power 

modulation per the definition of smart inverters, but: 

i) responds within 1-2 cycles (less than 33 msec) whereas conventional smart 

inverters (volt-var, volt-watt control, etc.) respond in 1-2 seconds, and  

ii) provides dynamic reactive power modulation during night, which 

conventional smart inverters do not, and 

iii) performs dynamic voltage control during power ramp-up resulting in faster 

ramping operation. The present grid codes and Standards do not envisage 

such a voltage control. 

 The PV-STATCOM is indeed a new Flexible AC Transmission System (FACTS) 

device, as it performs dynamic voltage control with the same response speed as 

actual STATCOM and mitigates FIDVR in the same manner as STATCOM. 

 The PV-STATCOM is however, about 50-100 times less costly than an equivalent 

sized STATCOM or SVC.  

A solar farm mainly comprises: i) PV modules, ii) Voltage source converters 

(VSCs) i.e., inverters, and iii) its associated electrical/civil infrastructure (substation, 

transformer, switchgear, buswork, protection systems, etc.). On the other hand, an 

equivalent sized STATCOM essentially consists of: i) VSCs and ii) its associated 

electrical/civil infrastructure which is quite similar to that of a PV solar farm. If a utility 

has identified the need for installing a STATCOM, and if a similar size PV solar farm 

is available nearby, only an additional PV-STATCOM controller with its measurement 

circuitry needs to be installed on the existing VSCs of the solar farm to transform it 

into a STATCOM. This expense is very small considering that the cost of VSCs 
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hardware and their control system is only about 5-8% of the entire solar plant cost. The 

plant level control also constitutes 1-2% of the total PV plant cost. This makes a PV-

STATCOM almost 50 times lower cost than an equivalent sized STATCOM.   

 The proposed PV-STATCOM control can:  

i) bring significant saving for utilities by reducing the need for expensive 

STATCOMs or SVCs for FIDVR mitigation and critical IM support, and  

ii) opens new revenue making opportunities for solar plants for providing 

critical motor stabilization service and FIDVR mitigation on a 24/7 basis. 

 

8.8 Contributions 

 The application of a patented novel control of PV solar plants as a dynamic reactive 

power compensator STATCOM, termed, PV-STATCOM, is presented for 

stabilizing a remotely located critical induction motor on a 24/7 basis, over widely 

varying system conditions.  

Such a novel smart inverter control to provide dynamic reactive power support to 

remotely located critical induction motor is not available in the literature to the 

best of author’s knowledge. 

 The night and day application of PV-STATCOM technology to stabilize a remote 

critical induction motor is field-demonstrated on a 10 kW PV solar farm in the 

utility network of Bluewater Power Distribution Corporation Sarnia, Canada.  

The field demonstration of PV solar farm as PV-STATCOM to provide dynamic 

reactive power support is demonstrated on a utility network for the first time in 

Canada (and most likely the first time in world) to the best of author’s knowledge. 

 A novel control strategy based on the active and reactive power modulation of PV-

STATCOM to provide dynamic voltage support to stabilize a remote critical 

induction motor is presented.  
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Such control of active and reactive power output of a PV solar farm considering 

the existing sensitivities of bus voltage to PV active and reactive power injections 

is not reported in literature before to the best of author’s knowledge. 

 A control strategy based on real and reactive power modulation of PV solar farm 

as PV-STATCOM to mitigate FIDVR in a cluster of induction motor loads located 

about 100 km away in a transmission network is proposed. The PV-STATCOM 

replaces the need of a new expensive STATCOM by almost half. 

This control demonstrates for the first time that PV solar plants can reduce the need 

for actual STATCOMs and SVCs that are employed for mitigation of FIDVR. 

 Comprehensive sensitivity and stability analysis of single and two distribution level 

PV-STATCOMs are performed with: i) equivalent and detailed PV-STATCOM 

model, and ii) PV-STATCOM control implemented at plant level and inverter level. 

The impact of modeling details, controller location and system parameters on 

controller interaction, are investigated. 

Such a detailed stability analysis of PV plants and their control interactions have 

not been performed earlier to the best knowledge of author. 
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8.10 Future Work 

Some of the work that can be carried out as part of future research is provided below: 

 Development of a control strategy to provide dynamic voltage support using PV-

STATCOM during unbalanced faults; and its field demonstration. 

 Detailed analysis of interaction between inverters in the same plant and interaction 

between multiple PV plants using the small signal model developed. 

 Development of a coordination strategy for PV-STATCOMs with wind plants and 

other FACTS devices in electrical proximity. 

 Field demonstration of PV-STATCOM technology on a utility scale PV plant with 

multiple inverters, to study the behavior of such a large PV plant with the proposed 

PV-STATCOM control. 

 Study of the impact of PV-STATCOM to mitigate FIDVR in a series compensated 

long transmission lines. 
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Appendices  

Appendix A: System and PV plant Data for the various study systems used. 

A. 1. Parameters for the 10 kW PV solar farm connected to network of Bluewater 
Power Distribution Corporation, Sarnia. 

 

Parameter Value 

Inductance connected between 

PV solar farm and network 
5.107 mH 

Inductance connected between 

PV solar farm and IM 
3 mH 

Transformer 𝑇ଵ 
600/208 V, 10 kVA, 

X = 5% 

Transformer 𝑇ଶ 
208/140 V, 10 kVA, 

X = 5% 

 

A. 2. 10 kW PV Inverter Parameters 

Component Value 

Inverter Rating 10 kVA 

 

PV panel Specification 

MPPT 

Voltage 
280 V 

MPPT 

Current 
35.7 A 

Filter Inductor 0.9 mH 
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Filter Capacitor 92 µF 

Filter Resistor 0.45 Ω 

DC link Capacitor 9000 µF 

Switching Frequency 8 kHz 

 

A. 3. Controller parameters for 10 kW PV Inverter  

Component Value 

DC voltage controller 𝐾௜ 64.28 

𝐾௣ 0.77 

PLL 𝐻(𝑠) 3.8 ∗ 10ଷ(𝑠 + 271.3 ∗ 10ଷ)

𝑠(𝑠 + 373.2)
 

Current Controller 𝐾௜ 338.15 

𝐾௣ 0.778 

PCC voltage controller 𝐾௜ 3.3*10^4 

𝐾௣ 0 

 

A. 4. Parameters of 5 hp Induction Motor 

 

Parameter Value 

Motor Rating  3.3 kVA, 460 V, 

376.99 rad/s 
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Stator Resistance (pu) 0.0272 

Resistance of first cage (pu) 0.0330 

Stator Reactance (pu) 0.0901 

Reactance of first cage (pu) 0.0901 

Magnetizing Reactance (pu) 1.9376 

Inertia (sec) 0.2 

Load Torque (pu) 0.75 

 

A. 5. Parameters for the realistic 27.6 kW distribution network, Ontario, Canada 

Parameter Value 

Equivalent resistance of 115 kV network 0.0277 Ω 

Equivalent reactance of 115 kV network 0.8595 Ω 

Resistance of feeder 0.169 Ω/km 

Reactance of feeder 0.4182 Ω/km 

Substation Transformer  115/27.6 kV, 20 

MVA, X = 5%  

PV plant transformer 27.6/0.6 kV, 7 

MVA, X = 5%  

Induction Motor transformer 27.6/4 kV, 3 

MVA, X = 5%  
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A. 6. Parameters for the equivalent 6 MW PV inverter model 

Component Value 

Inverter Rating 6 MVA 

 

PV panel Specification 

MPPT 

Voltage 
1500 V 

MPPT 

Current 
4 kA 

Switching Frequency 4 kHz 

 

A. 7. Parameters for the pad mount transformer and collector cables for 6 MW 
PV plant  

Parameter Value 

Pad mount transformer 27.6/0.6 kV, 10 

MVA, X = 10% 

Series impedance of the collector 

system 

0.128+j0.12 Ω/km 

Capacitance of the collector system 0.2 µF/km 

 

A. 8. Controller parameters for the equivalent 6 MW PV inverter model 

Controller Parameter Value 

PCC voltage controller 

𝐾௜ 1.68*10^4 

𝐾௣ 0 
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Current Controller 

𝐾௜ 3.17 

𝐾௣ 0.025 

PLL 𝐻(𝑠) 
7.9(𝑠 + 271.3 ∗ 10ଷ)

𝑠(𝑠 + 373.2)
 

 

A. 9. Parameters for the 2.6 MVA Induction Motor 

Parameter Value 

Motor Rating  2.6 MVA, 4 kV, 

376.99 rad/s 

Stator Resistance (pu) 0.019 

Resistance of first cage (pu) 0.00607 

Resistance of second cage 

(pu) 

0.0582 

Stator Reactance (pu) 0.0795 

Reactance of first cage (pu) 0.1706 

Reactance of second cage 

(pu) 

0.0795  

Magnetizing Reactance (pu) 3.89 

Inertia (sec) 0.95 

Load Torque (pu) 0.85 
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A. 10. Parameters for the 2 MW PV inverter 

Parameter Value 

Inverter Rating 2 MVA 

 

PV panel Specification 

MPPT 

Voltage 
1500 V 

MPPT 

Current 
1.33 kA 

Filter Inductor 0.39 mH 

Filter Capacitor 115 µF 

Filter Resistor 0.39 Ω 

DC link Capacitor 16000 µF 

Switching Frequency 2 kHz 

 

A. 11. Controller Parameters for the 2 MW PV inverter 

Parameter Value 

DC voltage controller 𝐾௜ 8.314 

𝐾௣ 0.292 

PLL 𝐻(𝑠) 7.9(𝑠 + 271.3 ∗ 10ଷ)

𝑠(𝑠 + 373.2)
 

Current Controller 𝐾௜ 7.9732 

𝐾௣ 0.067 
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PCC voltage controller 𝐾௜ 1.6*10^4 

𝐾௣ 0 

 

A. 12. Parameters for the 138 kV transmission network 

Parameter Value 

Resistance of 138 kV Transmission Line 0.077 Ω/km 

Reactance of 138 kV Transmission Line 0.205 Ω/km 

Susceptance of 138 kV Transmission 

Line 

7.59 µS/km 

Substation Transformer (230 kV/138 kV) 230/138 kV, 200 

MVA, X = 10%  

PV plant transformer (27.6 kV/138 kV) 27.6/138 kV, 100 

MVA, X = 8.5%  

Load end transformer (138 kV/27.6 kV) 27.6/138 kV, 100 

MVA, X = 8.5% 

Induction Motor transformer (27.6 kV/4 

kV) 

27.6/4 kV, 50 

MVA, X = 6%  

 

A. 13. Parameters for the equivalent model of 75 MW PV solar farm 

Component Value 

Inverter Rating 75 MVA 
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DC link Voltage 1500 V 

Switching Frequency 2 kHz 

Equivalent impedance of pad mount 

transformer (in 100 MVA and 34.5 

kV base) 

0.05 pu 

Equivalent series impedance of the 

collector system (in 100 MVA and 

34.5 kV base) 

0.049+0.0261i pu 

Equivalent susceptance of the 

collector system (in 100 MVA and 

34.5 kV base) 

0.032 pu 

 

A. 14. Controller Parameters for the equivalent model of 75 MW PV solar farm 

Controller Parameter Value 

PCC voltage controller 

𝐾௜ 9.964*10^3 

𝐾௣ 62.3 

Current Controller 

𝐾௜ 699 

𝐾௣ 2.1 

 

A. 15. Typical Parameters for a solar panel [184] 

Parameter Value 

Maximum Power 285 W 
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Open circuit voltage 39.2 V 

Maximum power point voltage 32 V 

Short circuit current 9.52 A  

Maximum power point current 9 A  

Module efficiency 17% 
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Appendix B: Design of Filter and Controller parameters for the 10 kw PV plant 

connected to Bluewater Power Distribution System, Sarnia, Canada. 

The design of different components for the 10 kw PV plant is presented below. 

Design of Filter 

The filter components are designed using the strategy discussed in Sec. 2.3.3. 

For the Bluewater System,  𝑉ௗ௖ = 280 volt, rated line – line voltage at ac terminal of inverter 

𝑉௅௅ = 120 V, Inverter rated power 𝑆௡ = 10 kVA, nominal system frequency 𝑓଴ = 60 Hz, 

and switching frequency 𝑓௦ = 8 kHz. 

The filter inductor 𝐿௙ is designed to limit the inverter current ripple to 10%. 

 𝐿௙ =  
𝑉ௗ௖

8 ∗ ∆𝑖௠௔௫ ∗ 𝑓௦
 

( 0-1) 

 𝑖௠௔௫ =  
ௌ೙

√ଷ∗௏ಽಽ
 = 

ଵ଴∗ଵ଴య

√ଷ∗ଵଶ଴
= 48.11 𝐴 ( 0-2) 

By substituting the parameter values in (0-1),  

 𝐿௙ =  
280

8 ∗ 0.1 ∗ 48.11 ∗ 8 ∗ 10ଷ
=  0.9 𝑚𝐻 ( 0-3) 

The capacitance 𝐶௙ is calculated using (2.28), such that the reactive power consumed 

capacitor 𝐶௙ is less than 0.05 pu of the inverter rated power. 

 𝐶௙ =  
𝑥 ∗ 𝑆௡

𝜔 ∗ 𝑉௅௅
ଶ  =  

0.05 ∗ 10 ∗ 10ଷ

377 ∗ 120ଶ
=  92 𝜇𝐹 ( 0-4) 

The coupling transformer is rated for 120/208V, 10 kVA and 0.05 pu impedance. The 

inductance of the trasnformer 𝐿௧ is calculated using (0-5). 
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 𝐿௧ =  
𝑥 ∗ 𝑉௅௅

ଶ

𝜔 ∗ 𝑆௡
 =  

0.05 ∗  120ଶ

377 ∗ 10 ∗ 10ଷ
=  0.2 𝑚𝐻 ( 0-5) 

The resonant frequency 𝑓௥ is calculated using (0-6). 

 𝑓௥ =  
1

2𝜋
ඨ

𝐿௧ + 𝐿௙

𝐿௙𝐶௙𝐿௧
= 1297 𝐻𝑧 ( 0-6) 

The resonant frequency 𝒇𝒓 satisfies the condition required by (2.28)  and (0-7) 

 10𝑓଴ (600 𝐻𝑧) <  𝑓௥ = (1297 𝐻𝑧) < 0.5 𝑓௦ = (4 ∗ 10ଷ) ( 0-7) 

The damping resistance 𝑹𝒇𝟐 for the designed filter is 

  𝑅௙ଶ =  
1

3 ∗ 2 ∗ 𝜋 ∗ 𝑓௥ ∗ 𝐶௙
=  

1

3 ∗ 2 ∗ 𝜋 ∗ 1297 ∗ 92 𝜇𝐹
= 0.45 Ω ( 0-8) 

The filter parameters used for study system 1 are 𝑳𝒇 = 𝟎. 𝟗 𝒎𝑯, 𝑪𝒇 = 𝟗𝟐 𝝁𝑭 and 𝑹𝒇𝟐 = 

𝟎. 𝟒𝟓 𝛀. 

Design of PLL  

The PLL design strategy is discussed in Sec. 2.4.3.1. The compensator 𝐻(𝑠) is designed 

for a gain cross over frequency of 100 Hz and 60° phase margin.  The designed 

compensator for the PLL is given in (0-9). 

 𝐻(𝑠)  =  
3.8 ∗ 10ଷ(𝑠 + 271.3 ∗ 10ଷ)

𝑠(𝑠 + 373.2)
 ( 0-9) 

The Bode plot of the compensated system is shown in Figure B.1. It demonstrates the 

controller parameters are designed correctly to achieve the target gain cross over frequency 

and phase margin. 
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Figure B.1: Bode plot of the compensated PLL control loop 

Design of Current Controller 

The model and design strategy of the current controller for a three phase inverter is 

discussed in Sec. 2.4.4. The current controller is designed with a bandwidth of 750 Hz, so 

that the bandwidth of the controller is at least 10 times smaller than the switching frequency 

(8 kHz). The controller is designed with a bandwidth of 60° to ensure stable operation. 

The designed compensator for current controller is given in (0-10), 

 𝐾ௗ(𝑠) = 𝐾௤(𝑠) =  
(0.778𝑠 + 338.15)

𝑠
 ( 0-10) 

The Bode plot of the compensated current controller loop is depicted in Figure B.2.  It 

shows that the controller is designed correctly according to the design objectives. 
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Figure B.2: Bode diagram of the compensated current controller loop. 

Design of DC Voltage Controller 

The DC link voltage controller bandwidth should be at least three times lower than the 

current controller bandwidth. Thus, the DC link controller is modelled with a bandwidth 

of 150 Hz. The model and design strategy of the DC link controller is explained in Sec. 

2.4.5.   

The designed compensator for DC link voltage controller is given in (0-11), 

 𝐾ௗ௖(𝑠) =  
(0.77𝑠 + 64.28)

𝑠
 ( 0-11) 

The Bode plot of the compensated current controller loop is depicted in Figure B.3.  It 

shows that the controller is designed correctly according to the design objectives. 
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Figure B.3: Bode diagram of the compensated DC voltage controller loop. 

Design of PCC Voltage Controller  

The PCC voltage controller bandwidth should be at least three times lower than the current 

controller bandwidth. Thus, the PCC controller is modelled with a bandwidth of 150 Hz. 

The model and design strategy of the PCC voltage controller is explained in Sec. 2.4.6.   

The designed compensator for DC link voltage controller is given in (0-12), 

 𝐾௩௖(𝑠) =  
33909

𝑠
 ( 0-12) 

The Bode plot of the compensated current controller loop is depicted in Figure B.4. It 

shows that the controller is designed correctly according to the design objectives. 
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Figure B.4: Bode diagram of the PCC voltage control loop. 
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