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Abstract— Parallel operation of distributed power converters is 

used to realize high rated power and low current ripples with low 

rated power devices. It is also being preferred since central 

compensators fail to identify power quality problems reflected on 

low voltage levels, especially with the new structure of microgrids. 

This paper proposes a novel parallel operation between 

modularized distributed transformerless unified power quality 

conditioner (TL-UPQC) for low voltage distribution networks. 

The operation is intended to improve the grid voltage profile while 

considering the connected modules rated capacity. The proposed 

methodology is suitable for smart grid applications where multiple 

renewable energy sources are integrated with the network. An 

advanced control technique that allows monitoring, wireless 

communication and coordination between the connected modules 

is presented. The proposed control methodology allows 

modularity and operation flexibility. System characterization has 

been studied to evaluate the influences of communication delays 

on overall system stability. The system has been evaluated by 

controller hardware-in-the-loop testing methodology. The power 

stage is simulated in a real time digital simulator, while the control 

algorithm is developed in a digital signal processor. Experimental 

results including random behavior of a photovoltaic system are 

presented.  
 

Index Terms — D-STATCOM, hardware-in-the-loop, 

hierarchical control, parallel operation, power quality, UPQC, 

smart grid, voltage regulation, wireless communication. 

I. INTRODUCTION 

HE adoption of distributed energy resources (DERs) 

connected to low voltage (LV) distribution networks has 

reformed the configuration of the power system dramatically. 

Therefore, it is essential to reform existing compensation 

approaches to solve power quality issues as well. A high 

penetration of photovoltaic (PV) systems installed at residential 

levels may lead to a sudden voltage rise due to reverse power 

flow at peak power generation [2]. Partial shading results into a 

fluctuating power that is reflected on the grid as a fluctuating 

voltage. Moreover, optimal scheduling and stochastic modeling 

of electric vehicles charging and discharging scenarios are 

required in order to avoid voltage drop or overloading on LV 

distribution networks [3]. A conventional compensation 

method to improve the grid voltage profile is installing a 

centralized distribution static synchronous compensator (D-

STATCOM) at medium voltage (MV) distribution networks 

[4], [5], which requires transformers and switchgears for 

isolation and protection [6]. This configuration fails to identify 

local problems elevated at LV distribution network where DER 

units are connected. It also does not guarantee a stable voltage 

profile for long distance loads. Compensation units with low 

power ratings, distributed along LV feeders, would be the right 

alternative. Distributed compensation units will permit direct 

interaction between the compensator unit, the utility grid and 

the load. 

Active power filters (APFs) signify a potential solution to 

maintain high power quality parameters in modern power 

systems. Unified power quality conditioner (UPQC), which is a 

combination of series and shunt APFs, is able to suppress power 

quality issues related to both voltage and current disturbances. 

The main function of a shunt APF is to improve the power 

factor and reduce the total harmonic distortion (THD) of the 

input current. The series converter will provide a stable and a 

sinusoidal output voltage. Conventional UPQC topologies 

include a transformer to reduce the voltage stress of the 

converter [7]. However, transformers are bulky, increase losses 

and limit the converter’s power density. A transformerless 

UPQC (TL-UPQC) has been proposed in [8]-[11]. While the 

TL-UPQC topology is able to support loads connected to its 

output terminal against voltage variations in the network, loads 

that are connected to the input grid voltage directly are still 

exposed to these variations. Hence, an additional D-STATCOM 

is required for voltage regulation at the point of common 

coupling (PCC) bus [12]. PV systems integrated with UPQCs 

(PV-UPQC) or shunt APFs (PV-APF) have been proposed in 

the literature [13], [14]. Thereby besides load reactive power 

compensation, real power injection into the grid can be realized 

through the shunt converter. Nevertheless, reactive power 

injection to regulate the input grid has not been incorporated. 

The authors in [15] proposed three operating modes that allow 

the shunt converter to operate in full PV mode, full or partial 

voltage regulation mode. In this case, rating limitation should 

be considered in the design process.  

Parallel operation of shunt APFs will allow load reactive 

power and harmonic compensation to be shared by multiple 

converters. Hence, reduce the current stress and achieve high 

power application. Centralized and decentralized control 

techniques have been proposed [16]-[20]. In a decentralized 

control scheme, controllers operate independently based on 

local information, where each module treats the rest of  
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connected modules as part of its load [17], [18]. This concept 

does not require communication and offers the ability of 

extending the system capacity with slow dynamic response. 

Alternatively, a centralized control scheme, referred to as load 

current distribution or power splitting, is simple to implement 

and provides system redundancy [19], [20]. Parallel operation 

has been also introduced in microgrid applications. Droop 

control is a conventional control method to achieve real and 

reactive power sharing among distributed generation (DG) units 

in islanded operation [21], [22]. Even though droop 

characteristics offer cooperative sharing between multiple 

modules without relying on communication systems, unequal 

line impedances and units’ power ratings lead to a mismatch 

and poor reactive power sharing [23]-[26]. Hierarchical control 

strategies, based on communication techniques, have been 

proposed to guarantee accurate performance for mircogrid 

operation [25], [26]. It should be noted that parallel operation 

of DG units in islanded microgrids has been extensively 

studied. On the other hand, parallel operation of modularized 

converters to achieve power quality improvement has not been 

well studied yet. In fact, parallel operation of UPQC systems to 

provide input grid voltage regulation has not been proposed yet. 

The contribution of this paper is to propose a novel control 

strategy for parallel operation of distributed TL-UPQC systems. 

The TL-UPQCs will be able to provide input grid voltage 

regulation through means of grid reactive power compensation 

as illustrated in Fig. 1. In this paper, not only the TL-UPQC 

system is able to compensate load reactive power, but it will 

also incorporate input grid reactive power injection. This is 

achieved through a coordination scheme between modularized 

TL-UPQC systems to maintain the PCC voltage at a predefined 

reference voltage level. Each module represents a distributed 

compensator and can be modelled by a shunt controlled current 

source and a series controlled voltage source [11]. Further, the 

unequal reactance of multiple feeders are considered. Table I 

highlights a comparison between the proposed technology and 

existing solutions for grid voltage regulations. The advantages 

of the proposed distributed TL-UPQCs are, 

• Parallel operation of TL-UPQCs modules allowing input 

grid reactive power sharing strategy to regulate the input 

voltage. 

• Improved redundancy allowing multi-module parallel 

operation while offering high reliability. 

• Plug and play feature that does not require identical TL-

UPQC modules. 

• Smart grid feature by communicating and exchanging 

information between the distributed modules and the 

control center. 

II. PROPOSED MODULARIZED DISTRIBUTED TL-UPQC 

SYSTEMS 

The concept of parallel operation of distributed TL-UPQCs 

is to install modularized small rated TL-UPQCs along LV 

distribution feeders. This will eliminate the need to install a 

large capacity D-STATCOM device at the main primary 

distribution network. The TL-UPQC systems are to be located 

adjacent to sensitive non-linear loads in the network. Assuming 

N distributed TL-UPQC units are connected to the network as 

depicted in Fig. 1. Each TL-UPQC module is forming a 

distributed compensator between the network and the load. 

A. Individual TL-UPQC module 

 Fig. 2 illustrates the topology and the structure of the 

proposed parallel operation of distributed TL-UPQCs for an 

individual module n in the network, where the parameter’s 

superscript indicates the module’s number. The module 

consists of two voltage source converters that are controlled 

separately and independently through means of voltage and 

current controllers. Each module is equipped with a local 

controller (LC) that collects local measurements. A Wi-Fi 

module is attached to the LC to allow exchanging information 

between the system and the control center. The central 

controller (CC) manages the coordination scheme between the 

modules wirelessly through internet.  

The LC of the TL-UPQC system controls the module’s series 

converter and shunt converter. This paper focuses on the 

operating principle of the shunt converter to support the PCC 

voltage 𝑣𝑃𝐶𝐶 . The capability of the series converter to provide 

a sinusoidal with constant amplitude output voltage 𝑣𝑂
(𝑛)

 has 

been analyzed and validated in [8]-[10]. The conventional 

features of the shunt converter is to compensate load reactive 

power and mitigate load harmonics. In this paper, the shunt 

converter can take a role in injecting reactive power into the 

grid as well. As a result, the system is able to mitigate long and 

short voltage variations arising at the PCC voltage 𝑣𝑃𝐶𝐶 . There 

are three modes of operation: power factor correction (PFC), 

capacitive and inductive modes. The mode of operation is 

decided according to the phase angle between the module’s 

PCC current 𝑖𝑃𝐶𝐶
(𝑛)

 and the module’s point of connection bus 

voltage 𝑣𝐵
(𝑛)

. The shunt converter of the TL-UPQC system 

controls the input drawn current to change the mode of 

operation as follows, 

1) PFC mode – The PCC current 𝑖𝑃𝐶𝐶
(𝑛)

 is controlled to be in 

phase with 𝑣𝐵
(𝑛)

. Hence, no reactive power injection into the grid 

is realized.  

2) Capacitive mode – This mode is activated when the PCC 

voltage is lower than its reference value. A leading phase angle 

is created between the 𝑖𝑃𝐶𝐶
(𝑛)

 and 𝑣𝐵
(𝑛)

. The whole system has a 

capacitive reactance characteristic.  

3) Inductive mode – This mode is activated when the PCC 

voltage is higher than its reference value. It is contrariwise to 

the capacitive mode where 𝑖𝑃𝐶𝐶
(𝑛)

 is controlled to be lagging and 

the whole system behaves similar to an inductive reactance. 

The PFC mode is the default-operating mode of each module. 

It offers an independent operation of the CC and relies on local 

measurements. In this mode, the PCC voltage does not 

experience voltage variations; hence, no grid reactive power 

injection is needed. As a result, a sinusoidal and voltage in-

phase input current 𝑖𝑃𝐶𝐶
(𝑛) (𝑡) is drawn from the network bus. The 
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Fig. 1.  Proposed modularized distributed TL-UPQC systems architecture. 

 
Fig. 2.  Topology and structure of an individual TL-UPQC system. 

 
TABLE I  

COMPARISON BETWEEN VARIOUS TECHNOLOGIES FOR GRID VOLTAGE REGULATION 

 

Technology Rated Power Installation Scalability Current Quality Grid Modification 

D-STATCOM [5] >  100 kW MV Standalone Low Not required 

LV D-STATCOM [12] <  10 kW LV Standalone Improved Not required 

Electric Spring [27] >  100 kW LV Standalone Low Required 

Proposed solution 1 kW – 1 MW LV Scalable Improved Not required 

 

module’s shunt current 𝑖𝑃
(𝑛)

 contains the opposite components 

of the harmonic currents that are generated by the load 

connected to the same feeder and the reactive power 

requirement for the load to have a resistive load characteristic. 

Each module has its own synchronization angle developed 

using phase locked loop (PLL). Consequently, no wireless 

communication between the distributed TL-UPQC modules is 

needed. 

B. Parallel Operation of TL-UPQC Systems 

The coordination between the parallel TL-UPQC modules is 

realized via the CC, which is managed by the operator at the 

distribution substation. The CC monitors the PCC voltage 

regularly as depicted in Fig. 2. Based on the collected PCC 

voltage information the CC will initiate the coordination 

scheme between the TL-UPQC modules to provide input grid 

voltage regulation. All modules will take part in managing 

reactive power compensation to support the PCC voltage. The 

relative strength of the ac system is described by the short 

circuit ratio (SCR) at the connection point. Low SCR is an 

indication of a weak grid suffering from high voltage variation. 

The definition of the SCR is expressed as follows, 
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𝑆𝐶𝑅 =
𝑉𝑛𝑜𝑚

2

𝑍𝑔𝑆𝑛𝑜𝑚
         (1) 

where 𝑉𝑛𝑜𝑚 is the nominal rms voltage of the ac network, 𝑍𝑔 is 

the grid impedance seen from the PCC point, and 𝑆𝑛𝑜𝑚 is the 

rated capacity of the DER unit. 

To illustrate the theory of operation of the coordination 

scheme managed by the CC, consider the nth TL-UPQCT 

module in the network. The PCC voltage and the fundamental 

component of the bus voltage across the 𝑛𝑡ℎ module can be 

written as, 

𝑣𝑃𝐶𝐶(𝑡) = √2 𝑉𝑃𝐶𝐶 𝑠𝑖𝑛(𝜔𝑡)      (2) 

𝑣𝐵
(𝑛)

(𝑡) = √2𝑉𝐵
(𝑛)

𝑠𝑖𝑛(𝜔𝑡 − 𝛿𝐵
(𝑛)

)    (3) 

where 𝜔 is the angular grid frequency, 𝑉𝑃𝐶𝐶  and 𝑉𝐵
(𝑛)

 are the 

steady-state rms value of the PCC voltage and the 𝑛𝑡ℎ  module’s 

point of connection bus voltage respectively, while 𝛿𝐵
(𝑛)

 is the 

bus voltage angle corresponding to the PCC voltage. 

Different lengths for distribution feeders would lead to line 

impedance mismatches between the converters and the 

common bus, causing an unequal voltage drops across the 

feeder impedances. The real and reactive power transfer 

between the load bus including the distributed TL-UPQC and 

the PCC bus are expressed by, 

𝑃𝐵
(𝑛)

=
𝑉𝐵

(𝑛)
𝑉𝑃𝐶𝐶 𝑠𝑖𝑛 𝛿𝐵

(𝑛)

𝑋𝐹
(𝑛)         (4) 

𝑄𝐵
(𝑛)

=
𝑉𝐵

(𝑛)
𝑉𝑃𝐶𝐶 𝑐𝑜𝑠 𝛿𝐵

(𝑛)
−𝑉𝐵

2(𝑛)

𝑋𝐹
(𝑛)        (5) 

where 𝑃𝐵
(𝑛)

and 𝑄𝐵
(𝑛)

are the real and reactive power transfer 

between the PCC and bus 𝑛 respectively, while 𝑋𝐹
(𝑛)

 is the 

equivalent reactance of the 𝑛𝑡ℎ feeder line. 

At the event of a voltage variation in the PCC voltage, the 

CC establishes a command to request the TL-UPQC to 

inject/absorb reactive power into/from the grid and support the 

PCC voltage. A voltage rise in the PCC voltage will require the 

modules to behave in the inductive mode. Contrarily, a voltage 

drop in the network will necessitate the operation in the 

capacitive mode. This is similar to the operation of a D-

STATCOM. The difference is that the TL-UPQC is injecting 

reactive power to the grid besides its respective load reactive 

power compensation. Therefore, the TL-UPQC rated capacity 

should be considered. Considering that load bus voltage 𝑣O
(𝑛)

 is 

being regulated by the series converter, the distributed TL-

UPQC systems can perform grid voltage regulation. A phase 

angle 𝜃(𝑛) is created between the drawn input current 𝑖𝑃𝐶𝐶
(𝑛) (𝑡) 

and the module’s point of connection bus voltage 𝑣𝐵
(𝑛)

. The 

PCC current handled by each module 𝑖𝑃𝐶𝐶
(𝑛) (𝑡) is expressed by, 

𝑖𝑃𝐶𝐶
(𝑛) (𝑡) = √2𝐼𝑃𝐶𝐶

(𝑛)
𝑠𝑖𝑛(𝜔𝑡 − 𝛿𝐵

(𝑛)
± 𝜃(𝑛))   (6) 

where 𝐼𝑃𝐶𝐶
(𝑛)

 is the steady-state drawn PCC current passing 

through the 𝑛𝑡ℎ feeder, while 𝜃(𝑛) is the phase angle of the 𝑛𝑡ℎ 

feeder PCC current with respect to the module’s point of 

connection voltage. 

The phase angle 𝜃(𝑛)is governed by the amount of the 

reactive power that is being injected by the  𝑛𝑡ℎ module into the 

grid. It is worth mentioning that the drawn input current 𝑖𝑃𝐶𝐶
(𝑛) (𝑡) 

carries the load real power, and the injected reactive power to 

the grid. Since the CC controller manages the grid reactive 

power injection, a separate controller that controls the PCC 

voltage is implemented in the CC. The 𝑖𝑃𝐶𝐶
(𝑛) (𝑡) is converted to 

the d-q frame in order to decouple controlling the real and 

reactive power. The real and the reactive power flow between 

the TL-UPQC system and the PCC can be accomplished as 

follows, 

      𝐼𝐷
(𝑛)

= 𝐼𝑃𝐶𝐶
(𝑛)

𝑐𝑜𝑠 𝜃(𝑛)         &           𝑃𝐵
(𝑛)

= 𝑉𝐵
(𝑛)

𝐼𝐷
(𝑛)

   (7) 

      𝐼𝑄
(𝑛)

= 𝐼𝑃𝐶𝐶
(𝑛)

𝑠𝑖𝑛 𝜃(𝑛)         &           𝑄𝐵
(𝑛)

= 𝑉𝐵
(𝑛)

𝐼𝑄
(𝑛)

   (8) 

where 𝐼𝐷
(𝑛)

and 𝐼𝑄
(𝑛)

are the direct and the quadrature component 

of the PCC feeder current respectively. 

Ideally, the TL-UPQC processed real power of the shunt and 

series converters are balanced in the equilibrium state. The 

reactive power that is handled by the shunt converter of the TL-

UPQC module 𝑄𝑃
(𝑛)

 can be written as,  

𝑄𝑃
(𝑛)

=
𝑉𝐵

(𝑛)
𝑉𝑃𝐶𝐶 cos 𝛿𝐵

(𝑛)
−VB

2(n)

𝑋𝐹
(𝑛) + (𝑉𝐴

(𝑛)
− 𝑉𝑂

(𝑛)
) 𝐼𝑂

(𝑛)
sin ∅𝑂

(𝑛)
(9) 

where 𝑉𝐴
(𝑛)

, 𝑉𝑂
(𝑛)

 and 𝐼𝑂
(𝑛)

are the steady-state series voltage, 

output voltage and current respectively. ∅𝑂
(𝑛)

is the output load 

phase angle. 

It can be observed from (9) that the reactive power share of 

the module’s shunt converter is constrained by the load 

connected to its output terminal. As mentioned earlier, the 

module’s injected shunt current 𝑖𝑃
(𝑛)

contains both load reactive 

power compensation and grid reactive power voltage 

regulation. Based on the discussed considerations, the control 

law of the parallel operation of distributed TL-UPQCs is 

obtained in the next section. 

III. CONTROL SCHEME STRUCTURE 

The module’s series converter controller is implemented in 

the LC and will remain unchanged to the control law presented 

in [8]-[10]. The module’s series converter is able to boost or 

reduce its series voltage 𝑣A
(𝑛)

 by applying boundary control with 

second order switching surface. Adopting boundary control 

technique enables the system to react to voltage disturbances 

and return to steady-state operation in two switching cycles, 

which is adequate for sensitive loads. Accordingly, the voltage 

across the load 𝑣O
(𝑛)

  is regulated as follows, 

𝑣𝐴
∗(𝑛)

= 𝑣𝑂
∗(𝑛)

− 𝑣𝐵
(𝑛)

        (10) 

where 𝑣𝐴
∗(𝑡) and 𝑣𝑜

∗(𝑡) are the series voltage reference and the 

load voltage reference respectively. 

The detailed proposed coordination control scheme between 

the modules’ shunt converters is illustrated in Fig. 3. A 

hierarchical control structure that involves primary and 
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secondary controllers has been adopted. The primary control 

represents the LC of each module that collects local 

measurements. The sensed signals comprising, the module’s dc 

link voltage, the module’s inductor current, the module’s point 

of connection voltage and the drawn input current. These 

signals are sampled and processed by the module’s LC. The 

secondary control, referred to as supervisory controller, 

includes the CC. The coordination between the modules is 

achieved via the supervisory controller. A smart meter is placed 

at the PCC to monitor the PCC voltage 𝑣𝑃𝐶𝐶  and the injected 

power by the DER. This information will be sent wirelessly 

through internet-based communication network to the CC. 

There are two control loops in the LC of the module’s shunt 

converter; 1) an outer dc voltage control loop that is responsible 

of maintaining the module’s own dc link voltage and 2) an inner 

control loop that shapes the module’s input current to follow a 

specified reference current. A second voltage control loop that 

controls the PCC voltage at a predetermined value is 

implemented in the CC. This control loop will be referred to as 

ac voltage control loop. The output of the module’s dc voltage 

control loop specifies the amount of the real power flow to 

charge up the dc link capacitor and compensates for the 

converter losses. It also includes the delivered real power to the 

load connected to the same feeder. The CC is then responsible 

to command the distributed TL-UPQCs to exchange reactive 

power between the modules and the grid based on the feedback 

information transmitted by the smart meter. A centralized 

coordination scheme has been adopted, in which reactive power 

compensation is allocated proportionally among all the modules 

by the supervisory control. Thus, the CC requests each TL-

UPQC module to send its measured VA power that is handled 

by the module’s shunt converter 𝑆𝑃
(𝑛)

. The CC will then 

calculate the proper reactive power share for each module with 

regard to the module’s power rating and its available capacity 

accordingly. The proportional coefficient  𝛼(𝑛) can be found as 

follows, 

𝛼(𝑛) =
𝑆𝑅

(𝑛)
−𝑆𝑃

(𝑛)

∑ (𝑆𝑅
(𝑗)

−𝑆𝑃
(𝑗)

)𝑁
𝑗=1

       (11) 

where 𝑆𝑅
(𝑛)

 is the rated capacity of the 𝑛𝑡ℎ module, while 𝑆𝑃
(𝑛)

 

is the module’s measured VA. 

The total reference reactive power 𝑖𝑄
𝑇(𝑡) required is 

generated based on the reference voltage that is assigned by the 

operator at the CC and the measured PCC voltage. Afterwards, 

the CC will assign each module to its proportional reactive 

power share. Internet protocol (IP) address is used to locate 

individual TL-UPQCs in the network.  The amount of the 

reactive power share of each module that will be transmitted 

through the network can be expressed as follows, 

𝑖𝑄
(𝑛)(𝑡) = 𝛼(𝑛). 𝑖𝑄

𝑇(𝑡)       (12) 

It can be noted that current reference of the module’s input 

current comprises two components: 1) direct reference current 

𝑖𝐷
∗(𝑛)(𝑡) and 2) quadrature reference current 𝑖𝑄

∗(𝑛)(𝑡). The 

expressions of currents can be expressed as follows, 

 
Fig. 3.  Control scheme of parallel operation of distributed TL-UPQC systems. 

𝑖𝐷
∗(𝑛)(𝑡) = 𝑖𝐷

(𝑛)(𝑡) 𝑠𝑖𝑛(𝜔𝑡 − 𝛿𝐵
(𝑛)

)     (13) 

𝑖𝑄
∗(𝑛)(𝑡) = 𝑖𝑄

(𝑛)(𝑡) 𝑐𝑜𝑠(𝜔𝑡 − 𝛿𝐵
(𝑛)

)     (14) 

𝑖𝑃𝐶𝐶
∗(𝑛)(𝑡) = 𝑖𝐷

∗(𝑛)(𝑡) + 𝑖𝑄
∗(𝑛)(𝑡)      (15) 

where 𝑖𝑃𝐶𝐶
∗(𝑛)(𝑡) is the PCC current reference. 

Since the injected current follows the module’s input voltage 

PLL, harmonics mitigation is attained. Adopting proportional 

reactive power sharing control law has the advantage of 

considering the reactive power and/or the harmonic 

components of the loads that are required to be compensated by 

the TL-UPQC system. Non-identical modules can also 

contribute to the process. This will enhance the plug-n-play 

feature. In addition, the control law is simple to implement and 

does not require specific algorithms to estimate the distribution 

feeders’ parameters. 

IV. CONTROL SCHEME COORDINATION 

To gain insight into the communication delay effect with 

respect to the system stability, small-signal analysis has been 

developed. The small-signal control block diagram of one 

module’s LC with its relation to the CC is depicted in Fig. 4. 

The perturbation in the PCC voltage �̃�𝑝𝑐𝑐 is a result of all 

modules contributing to provide input grid reactive power 

support. By means of superposition theorem, the perturbation 

in the PCC voltage can be represented by, 

𝐼𝑄
∗𝑇  

-
+
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�̃�𝑝𝑐𝑐(𝑠) = ∑ 𝑇𝑎𝑐
(𝑛)(𝑠). 𝑖̃𝑝𝑐𝑐

(𝑛) (𝑠)𝑁
𝑛=1       (16) 

Considering one module with its relation to the CC, the 

transfer functions 𝑇𝑑𝑐
(𝑛)(𝑠) and 𝑇𝑎𝑐

(𝑛)(𝑠), which correspond to the 

dc and ac power stages respectively, can be found deploying 

state-space analysis as follow, 

𝑇𝑑𝑐(𝑠) =
�̃�𝑑𝑐

(𝑛)
(𝑠)

�̃�𝑝𝑐𝑐
(𝑛)

(𝑠)
=

2𝑉𝐵
(𝑛)

𝑠 𝐶𝐷𝐶
(𝑛)

 𝑉𝐷𝐶
(𝑛)      (17) 

      𝑇𝑎𝑐
(𝑛)(𝑠) =

�̃�𝑚
(𝑛)

(𝑠)

�̃�𝑝𝑐𝑐
(𝑛)

(𝑠)
=

𝐿𝐹
(𝑛)

[𝑇𝐺(𝑠)−𝑇𝐿(𝑠)]𝑠+1

𝑇𝐺(𝑠)−𝑇𝐿(𝑠)−𝐶𝑃𝑠
    (18) 

where,   𝑇𝐿(𝑠) =
𝐿𝑔

𝐿𝑒𝑞

𝑠+
𝑅𝑔

𝐿𝑔

(𝑠+
𝑅𝐿

𝐿𝐿+𝐿𝐹
(𝑛))(𝑠+

𝑅𝑔

𝐿𝑔+𝐿𝐹
(𝑛))−

𝐿𝐹
2(𝑛)

𝐿𝑒𝑞
 𝑠2

   (19) 

𝑇𝐺(𝑠) =
−𝐿𝐿

𝐿𝑒𝑞

𝑠+
𝑅𝐿
𝐿𝐿

(𝑠+
𝑅𝐿

𝐿𝐿+𝐿𝐹
(𝑛))(𝑠+

𝑅𝑔

𝐿𝑔+𝐿𝐹
(𝑛))−

𝐿𝐹
2(𝑛)

𝐿𝑒𝑞
 𝑠2

   (20) 

𝐿𝑒𝑞 = (𝐿𝐿 + 𝐿𝐹
(𝑛)

)(𝐿𝑔 + 𝐿𝐹
(𝑛)

)     (21) 

𝑅𝐿 and 𝐿𝐿 are load parameters connected to the PCC bus, while 

𝑅𝑔 and 𝐿𝑔 are the grid impedance parameters and 𝐿𝐹
(𝑛)

is the 𝑛𝑡ℎ 

feeder impedance parameter. The derivation of (18) is given in 

the Appendix. 

 

 

Fig. 4.  Small-signal control block diagram of CC and one LC. 

The dynamic response of the inner loop is assumed to be very 

fast with respect to the dc voltage loop. Hence, the transfer 

function of the inner loop 𝑇𝑖𝑛
(𝑛)

(𝑠) can be considered as a 

constant value throughout the study. The rms value of the 

output current can be expressed as follows, 

𝑇𝑖𝑛
(𝑛)

(𝑠) =
𝐾𝑃𝐿𝐿

√2 𝐾𝑇𝑖
         (22) 

where 𝐾𝑇𝑖 is the current sensor gain and 𝐾𝑃𝐿𝐿 is the PLL gain. 

Since the open loop gain of the ac power stage is negative, 

the CC controller is designed to have a negative gain with the 

intent to introduce an overall positive gain into the system. In a 

hierarchal structure, with moving from primary control to 

secondary control the controller bandwidth should decrease. 

Therefore, the bandwidth of the CC is designed to be at least 10 

times slower than the bandwidth of the LC. In other words, the 

proportional 𝐾𝑃𝑐 and the integral controller gain 𝐾𝐼𝑐 of the CC 

are chosen such that the controller dynamics are much slower 

than the controller response of the dc voltage loop. Therefore, 

the perturbation of the quadrature reference current can be 

neglected with respect to the LC voltage loop and vice versa. 

Disregarding the communication delay accompanying the ac 

voltage control loop, the overall loop gain transfer function of 

this loop considering one module only can be expressed as, 

 𝑇𝑂𝐿𝑞
(𝑠) = −

𝐾𝑇𝑝𝑐𝑐𝐾𝑃𝐿𝐿

√2 𝐾𝑇𝑖
[
𝐾𝑃𝑐𝑠+𝐾𝐼𝑐

𝑠
× 

𝐿𝐹
(𝑛)

[𝑇𝐺(𝑠)−𝑇𝐿(𝑠)]𝑠+1

𝑇𝐺(𝑠)−𝑇𝐿(𝑠)−𝐶𝑃𝑠
]   (23) 

Fig. 5 shows the Nyquist diagram of the ac voltage loop 

ignoring the communication delay effect. Given that the system 

open loop transfer function does not include any pole in the 

right-half plane and there is zero encirclements around the 

critical point (-1, j0), the system is stable. Nonetheless, wireless 

communication usually introduces relatively a large delay in the 

control loop. The communication delay corresponds to the 

network latency 𝑇𝐷(𝑠) that depends on the speed of wireless 

network and the zero order hold (ZOH) 𝑇𝑍𝑂𝐻(𝑠) that represents 

the delay caused by sampling a continuous time signal. The 

transfer function of the communication delay can be defined as 

follows, 

𝑇𝑐𝑜𝑚𝑚(𝑠) = 𝑇𝐷(𝑠). 𝑇𝑍𝑂𝐻(𝑠) = 𝑒−𝑠𝑇𝑑 .
(1−𝑒−𝑠𝑇𝑧)

𝑠𝑇𝑧
  (24) 

where 𝑇𝑑is the signal transmission delay and 𝑇𝑧 is the ZOH step 

time delay [28]. 

Therefore, the overall loop gain transfer function considering 

the effect of communication delay is expressed as, 

𝑇𝑂𝐿𝑞
′ (𝑠) = 𝑇𝑐𝑜𝑚𝑚(𝑠). 𝑇𝑂𝐿𝑞

(𝑠)     (25) 

The Nyquist diagrams of the overall loop gain of the ac 

voltage controller at different time delays are shown in Fig. 6. 

Even though the diagrams indicate that the system is robust 

under large delays (1sec), it is worth noticing that the Nyquist 

plot of the system transfer function 𝑇𝑂𝐿𝑞
, shown in Fig. 5, did 

not intersect with the negative real axis indicating an infinite 

gain margin. However, the transfer function considering the 

delay 𝑇𝑂𝐿𝑞
′ happens to cross the negative real axis an infinite 

number of time. Therefore, it is important to evaluate the 

achievable delay margin for the system to time out. The delay 

margin corresponds to the maximum delay the system can 

handle before it becomes unstable.  

First analyzing the effect of the ZOH, the ZOH can be further 

approximated using first order Padé approximation as follows, 

𝑇𝑍𝑂𝐻(𝑠) =  
(1−𝑒−𝑠𝑇𝑧)

𝑠𝑇𝑧
≈

𝑠

𝑠2𝑇𝑧
2

+𝑠
      (26) 

It can be observed that the ZOH acts as a low pass filter. For 

signals with frequency components that are greater than the 

Nyquist frequency 𝜔𝑁 = 𝜋/𝑇𝑧, aliasing will take place. 

Typically, an antialiasing filter is added before the sampler to 

limit the bandwidth of the sampled signals. Moreover, the 

sampling frequency should be high enough to avoid introducing 

unwanted phase lags to the designed control system at 

frequencies lower than the Nyquist frequency.  

++
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Fig. 5.  Nyquist diagram without communication effect 𝑇𝑂𝐿𝑞

(𝑠). 

 
Fig. 6.  Nyquist plot under various communication delays 𝑇𝑂𝐿𝑞

′ (𝑠). 

 
Fig. 7.  Marginally stable Nyquist plot of the ac voltage loop. 

 

Table II gives the parameter of the designed control loops 

including their phase margins. It can be seen that 𝑇𝑍 is small 

enough to nearly have any effect on the designed bandwidth and 

phase margin (without delay). Unfortunately, this is not the case 

with the communication signal delay 𝑇𝑑.  The reason is that this 

time delay is not fixed and changes according to the speed of 

the network. Nevertheless, a maximum achievable delay 

margin can be set to enable system timeout. The magnitude and 

phase of the delay transfer function can be found as follows, 

 |𝑇𝐷(𝑠)| = 1, ∅𝐷 = −𝜔𝑇𝑑          (27) 

Let 𝑃𝑀𝑖  is the phase margin at the frequency 𝜔𝑖 at which, 

|𝑇𝑍𝑂𝐻(𝑗𝜔𝑖). 𝑇𝑂𝐿𝑞
(𝑗𝜔𝑖)| = 1      (28) 

Therefore, the effect of the transmission delay signal on the 

phase margin 𝑃𝑀𝑖
′ will be as follows, 

𝑃𝑀𝑖
′ = 𝑃𝑀𝑖 − 𝜔𝑖𝑇𝑑        (29) 

It can be observed that the main effect of the signal 

transmission time delay is a reduction of the phase margin. 

Hence, the maximum delay margin 𝑇𝑑,𝑚𝑎𝑥 can be related to the 

cross over frequency of the system as well as its phase margin 

as follows, 

𝑇𝑑,𝑚𝑎𝑥 = 𝑃𝑀𝑖/𝜔𝑖         (30) 

In order for the system to be robust against large delays, it 

should have a low bandwidth. According to Table II, the delay 

margin is found to be 7.98 s. Fig. 7 shows that the system is 

marginally stable at the maximum achievable delay margin 

where,  

𝑒−𝑗𝜔𝑖𝑇𝑑,𝑚𝑎𝑥 . 𝑇𝑍𝑂𝐻(𝑗𝜔𝑖). 𝑇𝑂𝐿𝑞
(𝑗𝜔𝑖) = −1    (31) 

If communication is interrupted, an additional ac voltage 

loop is implemented in the module’s LC to regulate the input 

voltage. In this case, each TL-UPQC system will operate 

independently from the CC to maintain the module’s input 

voltage (𝑣𝐵
(𝑛)

) until communication is restored. 
TABLE II  

COMMUNICATION DELAY EFFECT 

 

Parameters Value 

𝑇𝑂𝐿𝑞
(𝑠) 𝜔𝑐 = 0.2 𝑟𝑎𝑑/ s, 𝑃𝑀𝑐 = 90.2° 

𝑇𝑧 1 𝑚𝑠 

𝑇𝑍𝑂𝐻(𝑠). 𝑇𝑂𝐿𝑞
(𝑠) 𝜔𝑖 = 0.2 𝑟𝑎𝑑/ s, 𝑃𝑀𝑖 = 90.2° 

𝑇𝐷(𝑠). 𝑇𝑍𝑂𝐻(𝑠). 𝑇𝑂𝐿𝑞
(𝑠) 𝑇𝑑,𝑚𝑎𝑥 = 7.98 𝑠 

 

 
Fig. 8.  Controller hardware-in-the-loop (CHIL) testbed. 

V. SYSTEM IMPLEMENTATION AND EXPERIMENTAL 

VERIFICATION 

To validate the proposed methodology, a controller 

hardware-in-the-loop (CHIL) testing methodology has been 

implemented as shown in Fig. 8. Fig. 9 describes the detailed 

system implementation structure. The test has been performed 

on two identical TL-UPQCs with shunt rated capacity each of 

2 kVA. The grid network and the TL-UPQC modules are 

developed and simulated in real time digital simulator (RTDS).  

𝑪𝟏: 𝑻𝒅 = 𝟎. 𝟏 𝒔 , 𝑻𝒛 = 𝟎. 𝟏 𝒔 

𝑪𝟐: 𝑻𝒅 = 𝟏 𝒔 , 𝑻𝒛 = 𝟎. 𝟏 𝒔 
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Fig. 9.  Block diagram of system implementation using CHIL with RTDS.

RSCAD simulator program has been used for interface with 

RTDS. The series converter has been modeled as a voltage 

controlled voltage source that regulates the voltage across the 

output load as depicted in the figure [11]. While the parallel 

operation of the shunt converters is the interest of this paper, it 

is important to include the influence of the series converter on 

the overall system performance. Therefore, a controlled current 

source connected to the dc link is modeled inside RTDS, which 

represents the power needed by the shunt converter to support 

the series converter. A current source has been connected to the 

PCC to emulate the behavior of a photovoltaic (PV) system. 

The PV injected power to the network is intended to create 

voltage variations in the network. Both the grid and the TL-

UPQC modules have been simulated using the small-time step 

library at 2.2 𝜇𝑠, whereas the PV system, which is modeled as 

a current source, has been simulated in the large time step at 

50 𝜇𝑠. Different loads are connected at the output of TL-

UPQCs. The LC has been implemented using a digital signal 

processor (DSP) F28377S with 12 bit analogue to digital 

converter (ADC) resolution. The sensed signals to the controller 

are sent using giga-transceiver analogue output (GTAO) card. 

The digital interface, giga-transceiver digital input (GTDI) 

card, provides the gate pulses decided by the DSP to the 

converters modeled inside RTDS. The CC has been 

implemented in MATLAB software from which a graphical 

user interface (GUI) has been developed. Serial peripheral 

interface (SPI) has been deployed to exchange data between 

each DSP and its Wi-Fi module. 

A. Validation of an individual TL-UPQC module 

First, the operation of an individual TL-UPQC system will 

be validated under the CHIL test. The results are compared with 

the experimental results presented in [9]. The module’s LC 

operates independently from the supervisory control in the PFC 

mode. In this mode, no input grid reactive power compensation 

is required from the system (i.e 𝑖𝑄
(1)

= 0). The results are 

monitored in an oscilloscope. Note that, the GTAO card 

includes a 16-bit digital to analogue converter (DAC) and 

provides an output analogue signal with ± 10 𝑉 output range. 

Nevertheless, the input signals to the DSP are scaled down 

within a range of 0-3V. Fig. 10 (a) shows the PFC mode 

experimental results for a linear load connected to the TL-

UPQC output voltage. The results indicate that the shunt 

converter is able to compensate load reactive power as 

highlighted in Table III. The results shown in Fig. 10 (b) and 

(c) corroborate the ability of the system to mitigate harmonics 

for various nonlinear loads. The load in Fig. 10 (b) comprises a 

controlled rectifier bridge circuit with a resistive and an 

inductive load, while the load in Fig. 10 (c) comprises a lighting 

network composed of LED lamps. Both loads are to be 

connected to the system output terminals. Power quality 

measurements of the load current and of the input drawn current 

in the PFC mode are given in Table III. The results endorse the 

performance of an individual TL-UPQC to achieve a sinusoidal 

input current with a total harmonic decision 𝑇𝐻𝐷𝑖  below 5%. 

 
TABLE III  

MEASURED POWER ANALYSIS PARAMETERS FOR VARIOUS NONLINEAR 

LOADS 

 

Load under test Load current Input current 

Case (a) 𝑃𝐹 = 0.55 𝑃𝐹 = 0.973 

Case (b) 𝑇𝐻𝐷𝑖 = 15.69% 𝑇𝐻𝐷𝑖 = 4.34% 

Case (b) 𝑇𝐻𝐷𝑖 = 32.27% 𝑇𝐻𝐷𝑖 = 4.65% 
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(a) 

 
(b) 

 
(c) 

Fig. 10.    Steady-state waveforms for PFC mode (a) linear (b) nonlinear load-
rectifier bridge circuit (c) nonlinear load – LED lamps. 

 

B. Validation of Coordinated Parallel-Operated TL-UPQCs 

A case study to validate the proposed coordinated parallel 

operation of two TL-UPQC modules to provide input grid 

voltage regulation has been conducted. The PV system rating is 

8 kW with an SCR of 0.92. The parameters of the system under 

study have been specified in Table IV. Fig. 11 shows the GUI 

that allows the operator to define an ac voltage reference and 

start the reactive power support operation based on the number 

of available TL-UPQC modules in the network. The GUI also 

includes real time data logging and monitoring for the available 

generated PV power and the PCC voltage measurements. In this 

test, the PCC voltage is to be regulated at 120V rms. The results  

 
Fig. 11.  GUI - control center panel with measured results. 

 

 

 
(a) 

 
(b) 

Fig. 12.  Steady-state waveforms for (a) capacitive mode (b) inductive mode. 

 

shown in Fig. 11 imply that the PCC voltage is fluctuating 

between 0.8 and 1.2 pu voltage before enabling the parallel 

operation of the distributed TL-UPQCs. These voltage 

fluctuations are happening due to the random behavior of the 

PV injected power as the figure indicates. Nevertheless, the 

PCC voltage has been maintained at 1 pu after activating the 

reactive power support of the connected modules. The steady-

state waveforms in Fig. 12 (a) show the operation of both 

modules to support an under voltage at the PCC. In this case, 

both module are operating in the capacitive mode. It can be seen 

that both currents are leading the PCC voltage under this mode 

of operation to boost the PCC voltage. Fig. 12 (b) shows the 

steady-state waveforms for an over voltage where the modules 

are operating in the inductive mode. In other words, the injected  

DC link voltage
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Load current
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Load current

Input current
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𝒊𝑷𝑪𝑪𝟐
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TABLE IV  
SYSTEM SPECIFICATIONS 

 

Parameters Value 

PCC voltage 120 V 

Grid frequency 60 Hz 

No. of connected modules N 2 

Module’s dc link Voltage 400 V 

𝐶𝐷𝐶 , 𝐶𝑝, 𝐿𝑃  1500 µF, 47 µF, 10 mH 

𝑅𝑔, 𝐿𝑔, 𝑅𝐿, 𝐿𝐿 0.5 Ω, 5 mH, 10 Ω, 10 mH 

𝐿𝐹
(1)

, 𝐿𝐹
(2)

 1 mH, 2 mH 

𝑅𝑂
(1)

, 𝐿𝑂
(1)

, 𝑅𝑂
(2)

, 𝐿𝑂
(2)

 100 Ω, 80 mH, 10 Ω, 20 mH 

Dc voltage control loop 𝐾𝑃𝑙 = 0.5, 𝐾𝐼𝑙 = 0.5 

Ac voltage control loop 𝐾𝑃𝑐 = 0.01,𝐾𝐼𝑐 = 0.8 

 

 
Fig. 13.  Reactive power share of each module with the coordination scheme. 

 

‘  
Fig. 14.  DC link measurements as captured in RSCAD. 

 

currents by the TL-UPQCs are lagging. In order to support the 

proposed coordination control scheme results, Fig. 13 shows 

the input grid reactive power share of each module in both 

modes (𝑄𝐵
(1)

, 𝑄𝐵
(2)

) as measured in RSCAD runtime window. In 

the capacitive mode, the contribution of the first module to  

 

 
(a) 

 

(b) 

 

(c) 

Fig. 15.  System waveforms for (a) load change at the PCC bus (𝑍𝐿 = 10.7Ω −

7Ω) (b) voltage sag of -10% (c) voltage swell of +10%. 

 

support the grid is larger with 60% share of the total reactive 

power needed (e.g. 𝛼1 = 0.6 and 𝛼2 = 0.4). This is expected 

since the load reactive power compensation required by the 

second module 𝑄𝑂
(2)

 is larger the first module𝑄𝑂
(1)

. Hence, the 

second module is already contributing with a larger reactive 

power portion to its load, which is the module’s highest priority. 

The operation is contradictory in the inductive mode. Both 

modules’ dc link voltages have been maintained at 400V as 

captured in RSCAD runtime environment in Fig. 14. While the 

modules are operating in the capacitive mode, a sudden load 

step up on the PCC (𝑅𝐿 , 𝐿𝐿) has been enabled as shown Fig. 15 

𝑄𝐵
(1)

= −1333.3 𝑉𝐴𝑅 

𝑄𝐵
(2)

= −884.23 𝑉𝐴𝑅 

𝑄𝑂
(1)

= 39.6 𝑉𝐴𝑅 

𝑄𝑂
(2)

= 692.2 𝑉𝐴𝑅 𝑄𝐵
(2)

= 680.3 𝑉𝐴𝑅 

𝑄𝐵
(1)

= 465.4 𝑉𝐴𝑅 

Capacitive mode Inductive mode

DC link of module#1

DC link of module#2

PCC voltage

𝒊𝑷𝑪𝑪𝟏
 

𝒊𝑷𝑪𝑪𝟐
 

𝒊𝑳 

Sudden Load change

PCC voltage

𝒊𝑷𝑪𝑪𝟏
 

𝒊𝑷𝑪𝑪𝟐
 

Grid voltage

Voltage Sag

Voltage Swell

PCC voltage

𝒊𝑷𝑪𝑪𝟏
 

𝒊𝑷𝑪𝑪𝟐
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(a). This causes an additional voltage drop across the grid 

impedance and the PCC voltage level. The CC will react 

accordingly and request the modules to increase their reactive 

power injection into the grid and hence maintain the PCC 

voltage level at 120V rms. Since each module is always 

tracking its PLL, the THD of the input current remains low of 

4.7%. 

Another test has been conducted to validate the ability of the 

proposed parallel operation of distributed TL-UPQCs to 

support loads connected to the PCC voltage under various 

voltage disturbances. To emulate short duration voltage 

variations across the PCC bus, the grid voltage 𝑣𝐺  has been 

programmed to vary causing a voltage sag of 108V rms as 

depicted in Fig. 15 (b). A regulated PCC voltage can be 

observed regardless of the voltage sag in the network. Similarly, 

a voltage swell of 132V rms has been applied as indicated Fig. 

15 (c). Both modules are able to adjust their reactive power 

share in response to the change of the PCC voltage level. 

C. Communication Failure or Module Failure 

The test described in Fig. 13 has been repeated at the event 

of a communication failure. In this case, there is no 

coordination between the two modules since the CC is down. 

The modules will rely on the primary controller information, in 

other words the module’s LC, to restore the modules’ point of 

connection voltages 𝑣𝐵
(1)

 and 𝑣𝐵
(2)

. Fig. 16 presents the reactive 

power share of each module without the coordination scheme 

as captured in RSCAD runtime. The voltage waveforms shown 

in Fig. 17 indicate that the injected reactive powers was 

sufficient to support the modules’ input voltages 𝑣𝐵
(1)

 and 𝑣𝐵
(2)

. 

Nevertheless, the PCC voltage was not fully restored to 1 pu. 

Moreover, the systems failed to identify an over voltage at the 

PCC bus and continue to operate in the capacitive mode. This 

is due to the voltage drop across the feeders’ reactance and the 

loss of systems coordination. 

In the following test, the system’s response during a fault in 

one of the TL-UPQC modules is investigated. Fig. 18, Fig. 19 

and Fig. 20 show the results of the reactive power share of each 

module and system waveforms after the occurrence of a fault in 

module number 2. The results demonstrate that module number 

1 increased its reactive power share according to its available 

capacity to compensate for the second module’s reactive power 

share loss. While the second module will be out of service with 

zero shunt converter reactive power injection. Therefore, the 

reactive power exchange between the second feeder and the 

PCC bus is the same as the load reactive power consumption. It 

is worth mentioning that since the reactive power injection is 

limited by the modules’ rated power, the PCC voltage was 

raised back to only 0.93 pu. Overall system reliability can be 

increased by increasing the number of the connected parallel-

operated TL-UPQC modules. 

VI. CONCLUSION 

The paper proposed a novel coordinated operation of 

distributed TL-UPQCs connected to LV feeders. Proportional 

reactive power sharing technique to support the input grid 

voltage based on the unit capacity was presented. A remote 

management system that represents a centralized supervisory 

control was proposed. The control commands are sent from the 

central controller to the local controllers, with no interaction 

between individual modules. This allow independent operation 

of the modules if no voltage regulation is necessary or 

communication is interrupted. A GUI was developed to perform 

as a supervisory management system in the control center. The 

communication delay between the central controller and the 

local controller was considered in the control design criteria.  

Analysis to estimate the maximum achievable delay margin 

before the system becomes unstable was developed and 

validated using Nyquist diagram. The experiment test was 

conducted in real time simulator with the power stage in RTDS, 

while controllers are implemented in DSP. The results verified 

the ability of the TL-UPQC modules to provide grid voltage 

stability. The coordinated scheme indicated that the PCC 

voltage profile was improved and maintained at 1 pu. All 

modules supported the PCC voltage against under/over voltage 

and compensated for voltage sags/swells. This was achieved in 

addition to the conventional features of the TL-UPQC system. 

 
Fig. 16.  Reactive power share of each module without the coordination scheme. 

 
Fig. 17.  Voltage waveforms as captured in RSCAD. 

𝑄𝐵
(1)

= −558 𝑉𝐴𝑅 
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Fig. 18.  Reactive power share of each module after a fault in TL-UPQC #2. 

 
Fig. 19.  Shunt converter reactive power share after a fault in TL-UPQC #2. 

 

 
Fig. 20.  System waveforms after a fault in TL-UPQC #2. 

 

The experimental results were in good agreements with the 

theoretical concept and indicated the validation of the 

coordinated scheme to share grid reactive power injection 

between modules proportionally. 

APPENDIX 

Derivation of (18) 

The state-space matrices of the distributed TL-UPQC system 

including the feeder reactance can be found applying 

superposition for module n. The new set of state-space 

equations are described as follows, 

[
 
 
 
 
 
1 0 0 0 0
0 1 0 0 0
0 0 1 0 0

0 0 0 (𝐿𝐿 + 𝐿𝐹
(𝑛)

) −𝐿𝐹
(𝑛)

0 0 0 −𝐿𝐹
(𝑛)

(𝐿𝑔 + 𝐿𝐹
(𝑛)

)]
 
 
 
 
 

𝑥 .(𝑡) = 

[
 
 
 
 
 
 
 0 −

1

𝐶𝑃
0 −

1

𝐶𝑃

1

𝐶𝑃

1

𝐿𝑃
0

1−2𝑞1(𝑡)

2𝐿𝑃
0 0

0
2𝑞1(𝑡)−1

𝐶𝐷𝐶
0 0 0

1 0 0 −𝑅𝐿 0
−1 0 0 0 𝑅𝑔]

 
 
 
 
 
 
 

𝑥(𝑡) +

[
 
 
 
 
0
0
0
0
1]
 
 
 
 

𝑢(𝑡) (A. 1) 

and, 

 𝑦(𝑡) = [
1 0 0 0 0
0 0 1 0 0

] 𝑥(𝑡)            (A. 2) 

where, 

   𝑥(𝑡) =

[
 
 
 
 
 𝑣𝐵

(𝑛)(𝑡)

𝑖𝑃𝐶𝐶
(𝑛) (𝑡)

𝑣𝐷𝐶
(𝑛)(𝑡)

𝑖𝐿(𝑡)

𝑖𝐺(𝑡) ]
 
 
 
 
 

  , 𝑢(𝑡) = 𝑣𝐺(𝑡) , 𝑦(𝑡) = [
𝑣𝐵

(𝑛)(𝑡)

𝑣𝐷𝐶
(𝑛)(𝑡)

]   (A. 3) 

𝑞1(𝑡) = {
1                  𝑆1 𝑜𝑓𝑓, 𝑆2 𝑜𝑛
 0                  𝑆1 𝑜𝑛, 𝑆2 𝑜𝑓𝑓

     (A. 4) 

Small ac perturbations are introduced to the stat-space 

variables as follows, 𝑣𝐵
(𝑛)

= 𝑉𝐵
(𝑛)

+ �̃�𝑏
(𝑛)

, 𝑖𝑃𝐶𝐶
(𝑛)

= 𝐼𝑃𝐶𝐶
(𝑛)

+ 𝑖̃𝑝𝑐𝑐
(𝑛)

, 

𝑣𝐷𝐶
(𝑛)

= 𝑉𝐷𝐶
(𝑛)

+ �̃�𝑑𝑐
(𝑛)

, 𝑖𝐿 = 𝐼𝐿 + 𝑖̃𝑙 and 𝑖𝐺 = 𝐼𝐺 + 𝑖�̃�. The small-

signal equations can be obtained by neglecting the steady-state 

terms and transferred into the Laplace domain, from which the 

following can be derived, 

�̃�𝑔(𝑠)

�̃�𝑏
(𝑛)

(𝑠)
= 𝑇𝐺(𝑠) =

−𝐿𝐿

𝐿𝑒𝑞

𝑠+
𝑅𝐿
𝐿𝐿

(𝑠+
𝑅𝐿

𝐿𝐿+𝐿𝐹
(𝑛))(𝑠+

𝑅𝑔

𝐿𝑔+𝐿𝐹
(𝑛))−

𝐿𝐹
2(𝑛)

𝐿𝑒𝑞
 𝑠2

   (A. 5) 

�̃�𝑙(𝑠)

�̃�𝑏
(𝑛)

(𝑠)
= 𝑇𝐿(𝑠) =

𝐿𝑔

𝐿𝑒𝑞

𝑠+
𝑅𝑔

𝐿𝑔

(𝑠+
𝑅𝐿

𝐿𝐿+𝐿𝐹
(𝑛))(𝑠+

𝑅𝑔

𝐿𝑔+𝐿𝐹
(𝑛))−

𝐿𝐹
2(𝑛)

𝐿𝑒𝑞
 𝑠2

    (A. 6) 

where, 

𝐿𝑒𝑞 = (𝐿𝐿 + 𝐿𝐹
(𝑛)

)(𝐿𝑔 + 𝐿𝐹
(𝑛)

)    (A. 7) 

The perturbation in the PCC voltage �̃�𝑝𝑐𝑐 due to reactive 

power injection of one module will be referred to as �̃�𝑚
(𝑛)

 where,  

�̃�𝑝𝑐𝑐 = ∑  �̃�𝑚
(𝑛)𝑁

𝑛=1      (A. 8) 

And �̃�𝑚
(𝑛)

 can be expressed as follows, 

�̃�𝑚
(𝑛)

= 𝐿𝐹
(𝑛)

𝑠 (𝑖�̃�(𝑠) − 𝑖̃𝑙(𝑠)) + �̃�𝑏
(𝑛)

(𝑠)    (A. 9) 

Substituting (A.5) and (A.6) into (A.9), the following can be 

obtained, 

�̃�𝑚
(𝑛)

(𝑠)

�̃�𝑏
(𝑛)

(𝑠)
= 𝐿𝐹

(𝑛)
[𝑇𝐺(𝑠) − 𝑇𝐿(𝑠)]𝑠 + 1    (A. 10) 

𝑄𝐵
(1)
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𝑄𝐵
(2)

= −884.23 𝑉𝐴𝑅 

𝑄𝑂
(1)

= 39.6 𝑉𝐴𝑅 

𝑄𝑂
(2)
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(1)

= −1948.7 𝑉𝐴𝑅 
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𝑄𝑃
(2)

= −1333.3 𝑉𝐴𝑅 

𝑄𝑃
(1)
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PCC voltage

PWM Signals
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In addition, the relation between the perturbation of the 

module’s point of connection voltage �̃�𝑏
(𝑛)

 due to the module’s 

injected current 𝑖̃𝑝𝑐𝑐
(𝑛)

 can be expressed as follows, 

�̃�𝑏
(𝑛)

=
1

𝐶𝑃𝑠
(𝑖�̃�(𝑠) − 𝑖̃𝑙(𝑠) − 𝑖̃𝑝𝑐𝑐

(𝑛)
)     (A. 11) 

�̃�𝑝𝑐𝑐
(𝑛)

(𝑠)

�̃�𝑏
(𝑛)

(𝑠)
= 𝑇𝐺(𝑠) − 𝑇𝐿(𝑠) − 𝐶𝑃𝑠     (A. 12) 

From (A.10) and (A.12), expression (18) can be found. 
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