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Abstract – This paper deals with the modified modeling of PV system based on the PSCAD/EMTDC 
and optimal control method of customer voltages in real distribution system interconnected with the 
photovoltaic (PV) systems. In order to analyze voltage variation characteristics, the specific modeling 
of PV system which contains the theory of d-q transformation, current-control algorithm and 
sinusoidal PWM method is being required. However, the conventional modeling of PV system can 
only perform the modeling of small-scale active power of less than 60 [kW]. Therefore, this paper 
presents a modified modeling that can perform the large-scale active power of more than 1 [MW]. And 
also, this paper proposes the optimal operation method of step voltage regulator (SVR) in order to 
solve the voltage variation problem when the PV systems are interconnected with the distribution 
feeders. From the simulation results, it is confirmed that this paper is effective tool for voltage analysis 
in distribution system with PV systems. 
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1. Introduction 
 
As power systems have been deregulated and 

decentralized according to the technology development 
of small-scale distributed generators, PV systems have 
been actively interconnected and operated in distribution 
systems. Therefore, many power quality problems such as 
voltage variations, flicker and harmonic may be occurred, 
when PV systems are interconnected in distribution system 
[1-6]. In order to analyze power quality problems like 
voltage variation characteristics, a specific modeling of 
PV system considering the theory of d-q transformation, 
current-control algorithm and sinusoidal PWM method is 
being required. However, the conventional modeling 
method of PV system can only deal with the modeling of 
small-scale active power of less than 60[kW] [7-8]. 
Therefore, this paper presents a modified modeling that can 
perform the large-scale active power of more than 1[MW]. 
In additions, this paper proposes the optimal operation 
method of the step voltage regulator(SVR) which is 
located at primary feeder for line voltage control, in 
order to overcome the voltage variation problem when PV 
systems are interconnected in distribution system. The 
case study results show that this paper is effective tool 

for voltage analysis and regulation in real distribution 
system interconnected with PV systems. 

 
 

2. Modeling for real distribution system  
 

2.1 Distribution system modeling 
 
A single line diagram of real distribution system as 

depicted in Fig. 1 is usually being used in power utilities, 
in order to analyze voltage characteristics of low voltage 
customers. To simplify the complex diagram, this paper 
divides 6 sections by major points such as circuit breakers, 
cable size, cable length and branch configurations. And it is 
assumed that the PV system is located at the end section of 
real distribution system.  

Therefore, the simplified diagram as shown in Fig. 2 can 
be obtained from the real distribution system. 

In order to perform the load modeling of single line 
diagram, the real values of each section can be obtained 
from the relationship between estimation value and 
measured value as follows. 

 

  (1) 

 
Where, ( )nI  and ( )ni  are the real and estimated currents 

of n section, ( )SSI  is the measured (real) total current of 
the main transformer, and ( )SUMi  is the estimated total 
current of main transformer.  
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2.2 Concept of SVR operation method  

 
This paper adapts a SVR which is installed at primary 

feeder to compensate the voltage variations. Fig. 3 is the 
configuration of LDC method of SVR. The decision 
problem of optimal sending voltages is to find the optimal 
setting values (Vce, Zeq) of LDC method in order to deliver 
suitable voltages to as many customers as possible as 
shown in reference [4]. It firstly determines the ideal 
optimal sending voltages which can be expressed by the 
optimal compensation rates of SVR, and then obtains 
optimal setting values by statistical analysis according to 
the relationship between ideal optimal sending voltages 
and total load currents. 
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Fig. 3. Concepts for LDC methods 

 
Fig. 4. Distribution characteristics of optimal sending 

voltages of M.tr 
 
Optimal sending voltages have a general relationship 

with LDC setting values as shown in Eq. (2). Therefore, 
the optimal setting values can be calculated by solving the 
equation for Vce and Zeq. 

 
 send ce eq bankV V Z I= + ×    (2) 

 
where, Vsemd  is optimal sending voltage, Vce is load center 
voltage, Zeq is equivalent impedance, and bankI  is total 
load currents of main transformer. 

Solving the equation for Vce and Zeq in Eq. (2) cannot 
provide a linear function and has wide distribution 
characteristic as depicted in Fig. 4. Therefore, the solution 
of optimal LDC setting values is equivalent to finding 
coefficients of the first order equation of Eq. (2). It is 
desirable to minimize the differences between optimal 
sending voltages and the first order equation. The Least 
Square method is now introduced in order to find optimal 
LDC setting values. The squared summation of differences 
is formulated as: 

 
Fig. 1. Single line diagram of distribution system with PV system 

 

Fig. 2. Simplified diagram of distribution system 
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where, q is error function and T is total number of time 
interval. 

By minimizing q in Eq. (3), Vce and Zeq can be obtained 
as : 
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In additions, SVR with the ±10% voltage compensation 

ability are generally composed of 17 tap positions having 
the each interval of 1.25%. By considering the relationship 
between sending voltage and nominal voltage (13,200V, 
phase voltage), each tap position can be formulated by Eq. 
(6). 

 
 pT = ( sendV − nV )/(  int nT V× )+ sT  (6) 

 
where, Tp is tap position, sendV  is sending voltage, Vn is 
nominal voltage, sT  is reference tap number, and intT  is 
tap interval (1.25%). 

 
 
3. PV Modeling Based on the PSCAD/EMTDC 
 

3.1 Concept for current control algorithm 
 
The configuration of the control block diagram in PV 

systems can be generally expressed as depicted in Fig. 5. 
This paper categorizes 4 steps to simplify the diagram. 

 
[Step 1] The 3-phase voltage and current of distribution 

system are converted into 2-phase voltage and current of 
the d-q stationary coordinate by using the d-q transfor-
mation method. And then 2-phase voltage and current are 
transformed into DC voltage and current of the d-q 
synchronizing coordinate to easily control the desired 
voltage and current.  

 
[Step 2] To obtain the reference value for desired current, 

the DC current of [Step 1] is controlled by the PI controller 
as shown in Eq. (7) and Eq. (8). In this process, the 
decoupling control of active and reactive power of PV 
system can be performed separately.  

 

 ( ) mVi
qe fb qref qe p de

k
V I I k I L

s
ω−

⎛ ⎞= − ⋅ + + ⋅ +⎜ ⎟
⎝ ⎠

 (7) 

 ( ) i
de fb dref de p qe

k
V I I k I L

s
ω−

⎛ ⎞
= − ⋅ + + ⋅⎜ ⎟

⎝ ⎠
  (8) 

 
where, Vqe-fb is voltage of q axis, Vde-fb is voltage of d axis, 

i
p

k
k

s
+  is PI controller   qrefI is the reference current, Iqe 

and Ide are output current of invertor which is converted to 
q axis and d axis, Lω  is internal reactance for feed-
forward Compensation, and Vm is instantaneous voltage of 
distribution system. 

 
[Step 3] The DC voltage compensated by PI controller 

of [Step 2] is reversely converted into 3-phase AC current 
and voltage by inverse d-q transformation method, where 
PLL (Phase Locked Loop) circuit is used to synchronize 
the voltage of distribution system.  

 
[Step 4] In order to control the 6 PWM signals, the 

converted 3-phase AC voltage of [Step 3] is compared with 
the comparator with the triangle waveform. The IGBT 
(Insulated Gate Bipolar Transistor) devices are driven by 
the 6 PWM signals, and then the DC voltage and current of 
PV system can be converted into the AC voltage and 
current of distribution system. 

 
Furthermore, instantaneous active power (P) and 

reactive power (Q) in balanced 3-phase system can be 
expressed as shown in Eq. (9) with the concept of the d-q 
axis variables. Because the Vq with synchronous speed (ω) 
in the d-q coordinate method is equal to the magnitude of 
instantaneous voltage and Vd is zero, Eq. (10) can be 
obtained from Eq. (9). 

 

 P ( )3
2 d d q qV I V I= − , ( )3 

2 q d d qQ V I V I= −    (9) 

 0
3P
2 qV I= , 0

3  
2 dQ V I= −  (10) 

 
Where, Vd, Vq are output voltages of d-axis and q-axis, 

,d qI I  are output currents of d-axis and q-axis, and 0V  is Fig. 5. Control block diagram of PV system 
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the magnitude of instantaneous voltage. 
Therefore, It is clear that the instantaneous active power 

(P) is proportional to the magnitude of instantaneous 
voltage (V0) and the current of q-axis (Iq) in same phase, 
and also that the instantaneous reactive power (Q) is 
proportional to the magnitude of instantaneous voltage 
(V0) and the current of d-axis (Id) with 90 degree phase 
difference.  

 
3.2 Modified modeling of PV system 

 
The conventional modeling of PV system as shown in 

ref. [7-8] can only deal with the small-scale active power 
of less than 60 [kW]. To overcome this problem, this paper 
adapts the Eq. (11) and Eq. (12) to compensate the process 
which converts DC voltage of the PI controller into 3-
phase voltage. Specifically, Vd and Vq from the current 
control algorithm are transformed to 6 PWM signal in 
order to operate IGBT device and then 3-phase voltage is 
obtained by d-p coordinate method.  

In other words, Eq. (11) and Eq. (12) which make each 
phase synchronize depending on magnitude variations of 
Vd and Vq, were introduced at current control algorithm 
and then these equations are compensated for the process 
of PI controller to control a desired current value of large 
scale active power. 

 

 1 180Ø  (tan q

d

V
V π

−= × )  (11) 

 ( )2 2 3   
2t q dV V V= + ×   (12) 

 
Where, Ø  is desired phase angle of grid and t V  is 

desired voltage of distribution system. 
 

3.3 Modified modeling based on the PSCAD/EMTDC 
 

3.3.1 d-q transformation modeling 
 
By using PSCAD / EMTDC, the d-q transformation 

modeling to convert 3-phase AC current into DC current 
is designed as shown in Fig. 6. Also, the inverse d-q 
transformation modeling to convert DC voltage into 3-
phase AC voltage is implemented in Fig. 7. 

 
3.3.2 Current control algorithm modeling  

 
By using PSCAD/EMTDC, the detailed current control 

algorithm modeling by using Eq. (7) to Eq. (8) is designed 
as shown in Fig. 8. 

And then, the reference currents (  qrefI ,   drefI ) modeling 
to obtain the desired active power and reactive power 
based on the Eq. (10) is implemented as shown in Fig. 8. 

 
3.3.3 Grid-connected inverter modeling 

 
Fig. 10 is the modeling of grid-connected inverter to 

convert DC voltage into 3 phase AC voltage using the 
IGBT devices and the modeling for sinusoidal PWM to 
produce the 3-phase AC sine waveform with 120  phase 
difference.  

 
 

4. Modeling of SVR operation method 
 
In order to determine optimal sending voltage, optimal 

setting values of LDC method should be calculated by the 
statistical analysis according to the relationship between 
ideal optimal sending voltages and total load currents as 
shown in Eq. (2). Based on the concept, the modeling of 
LDC method is implemented by PSCAD/EMTDC as 
shown in Fig. 11.  

Using the tap changing concept of SVR in the Eq. (3), 
the tap control modeling with the bandwidth of 50% and 
time delay of 120 seconds is implemented as shown in Fig.  

 
Fig. 6. Simulation of d-q transformation 

Fig. 7. Modeling of dq-abc transformation 
 

Fig. 8. Modeling of current control algorithm 

Fig. 9. Reference current modeling 
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Fig. 11. Modeling of LDC method 

 

 
Fig. 12. Tap Control modeling 

 

 
(a) Tap up modeling 

 
(b) Tap down modeling 

Fig. 13. Tap changing modeling 
 
12, and also, the tap changing modeling is in Fig. 13. 
Where, Fig. 13 (a) is the modeling of tap up control and 
Fig. 13 (b) is the modeling of tap down control.  

 

5. Case Studies 
 
5.1 Verification of PSCSD/EMTDC modeling 

 
To control the desired active power and reactive power 

of PV system, it is critical to obtain the value of reference 
current at the PSCAD/EMTDC modeling. Based on the Eq. 
(10), the relationship between reference current and active 
and reactive power can be expressed by Eq. (13). 

 

 ref q ref d
q q

2 P 2 P I , I
3 V 3 V− −

⎡ ⎤ ⎡ ⎤
= × = ×⎢ ⎥ ⎢ ⎥

⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥
   (13) 

 
Where, ref qI −  and ref dI −  are reference current of d-axis 
and q-axis, P and Q is desired active and reactive power, 
and dV  and qV  are output voltages of d-axis and q-axis. . 

 
5.1.1 Characteristic of large-scale active power 

 
To obtain large-scale active power of 1 [MW], the 

reference current ( ref qI − ) can be calculated by Eq. (13), 
where the q-axis power system voltage of qV  is assumed 
as 0.310[kV]. 

 

 ref q
2 1I 2.15
3 0.310−

⎡ ⎤= × =⎢ ⎥⎢ ⎥
 

 
By performing the PSCAD/EMTDC simulation with the 

reference current, it is verified that the active power of 1 
[MW] can be obtained as shown in Fig. 14. 

 
5.1.2 Characteristic of large-scale reactive power 

 
To control the large-scale reactive power of 1 [MVAR], 

the reference current ( ref dI − ) can be obtained by Eq. (13), 
where the d-axis power system voltage of dV  is assumed 
as 0.102 [kV]. 

 

 ref d
2 1I 6.54
3 0.102−

⎡ ⎤= × =⎢ ⎥⎢ ⎥
 

Fig. 10. Modeling for grid-connected inverter 
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By performing the PSCAD/EMTDC simulation with the 

reference current, it is verified that the reactive power of 1 
[MVAR] can be obtained as shown in Fig. 15. 

 
5.2 Analysis of customer voltage variation 

 
5.2.1 Simulation conditions 

 
Based on the model distribution system of Fig. 1, 

distribution parameter and section data of primary feeder 
are assumed as Table 1 and Table 2, respectively. The 
turn ratio of pole transformer (P.tr) is considered as 
13200V/230V and also voltage drops at the first and last 
customers of secondary feeder are considered as 2% and 
8% of rated voltage (220V). Under these assumptions, 
the PSCAD/EMTDC modeling of distribution system 

interconnected with PV system can be expressed as shown 
in Fig. 16. 

 
5.2.2 Characteristics of customer voltage variation  

 
With the most severe conditions, it is assumed that off-

peak load, middle load and peak load of one primary feeder 
(D/L) are 1.5 [MW], 5 [MW], and 10 [MW], respectively. 
Fig. 17 is the simulation results of primary voltage 
variation at each section based on the 13,200 [V] of phase 
voltage, when PV system is not interconnected.  

Fig. 14. Characteristic of 1MW active power 
 

Fig. 15. Characteristic of 1MVAR reactive power 
 

Table 1. Distribution system parameter  

Z12(45MVA) Z23(15MVA) Z31(15MVA) Base % Impedance of 
Main Transformer 15.970 6.690 25.380 100MVA
Connection Type 

of M.tr Y – Y – Delta 

Line to Line 
Voltage 22.9[kV] 

Power Factor 0.9 

Type of Load Constant P 
(off-peak:1.5[MW], middle: 3[MW], peak:5[MW])

 
Table 2. Section data of primary feeder 

Impedance Feeder
Number

Section
Number R 

(Ω/km)
X 

(Ω/km) 

Length 
(km) P.tr Tap 

Load 
ratio
(%)

PV 
system
(kW)

1 0.182 0.391 3.5 13200/230 8.3 0 
2 0.182 0.391 1.0 13200/230 8.3 0 
3 0.182 0.391 0.1 13200/230 21.3 0 
4 0.182 0.391 1.5 13200/230 55.4 0 
5 0.182 0.391 2.0 12600/230 6.6 0 

1 

6 0.182 0.391 1.5 12600/230 0.2 3000
Total   9.6  100 3000

 

Fig. 17. Voltage variation of primary feeder without PV

 
Fig. 16. Modeling of distribution system with PV system 
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Table 3 is the customer voltage characteristic of 
secondary feeder from section 1 to 6, which is calculated 
from the Fig. 16. During the off-peak load of 1.5 [MW], it 
is clear that the voltage variation of customers is very 
small and reasonable characteristics. And also, in the peak 
load of 10 [MW], the customer voltages have reasonable 
conditions. Therefore, when the PV system is not 
interconnected with distribution system, it is confirmed 
that all of customer voltages of each section can be 
maintained within the allowable limits (220[V]±6%). 

However, Fig. 18 is the voltage variation characteristics 
of primary feeder at each section when PV system of 3 
[MW] is located at section 6. Compared to the Fig. 17, it is 
clear that the overvoltage phenomena at all of sections in 
primary feeder are occurred by the reverse power flow of 
PV system. And also, the overvoltage characteristic at the 
off-peak load of 1.5 [MW] is much bigger than the peak 
load of 10 [MW], because the reverse power flow of PV 
system at off-peak load can influence the bigger impact to 
distribution system than the peak load. 

From the Fig. 18, the customer voltage characteristic of 
secondary feeder from section 1 to 6 is obtained as shown 
in Table 4. It is clear that some customer voltages of 
section 6 at the off-peak load cannot be maintained within 

allowable limits with the overvoltage phenomena by the 
reverse power flow of PV system. Therefore, it is clearly 
expected that severe voltage quality problems may be 
occurred if the large-scale PV system is located at the end 
section of primary feeder. 

 
5.2.3 Voltage compensation with SVR  

 
In order to improve voltage quality problem like 

overvoltage phenomena from the installation of PV 
systems as mentioned earlier, this paper adopts that SVR to 
control the primary feeder is installed at the section 3. 

Table 3. Customer voltage variation without PV 

 Voltage [V] (Using 13,200[TAP]) 
Load capacity of 

total section 
The first customer 

point of P.tr 
The last customer 

point of P.tr 
Section 1 219.85 218.68 
Section 2 219.62 218.26 
Section 3 219.59 218.23 
Section 4 219.12 217.56 
Section 5 227.99 226.01 

1.5 
MW 

Section 6 227.99 226.01 
Section 1 217.87 214.02 
Section 2 217.15 212.79 
Section 3 216.98 212.45 
Section 4 216.25 209.98 
Section 5 223.29 218.89 

5 
MW 

Section 6 223.29 218.89 
Section 1 214.57 209.27 
Section 2 213.72 207.61 
Section 3 213.63 207.46 
Section 4 212.97 207.18 
Section 5 216.58 211.78 

10MW 

Section 6 216.58 211.78 
 

 
Fig. 18. Voltage variation of primary feeder with PV 

system of 3 [MW] 

Table 4. Customer voltage variation with PV system of 3 
[MW] 

 Voltage [V] (Using 13,200[TAP]) 
Load capacity of 

total section 
First customer point 

of P.tr 
Last customer point

of P.tr 
Section 1 221.17 222.34 
Section 2 221.43 222.87 
Section 3 221.47 222.95 
Section 4 221.97 223.95 
Section 5 232.61 231.29 

1.5MW

Section 6 233.15 231.83 
Section 1 218.45 216.92 
Section 2 218.27 216.55 
Section 3 218.25 216.51 
Section 4 218.28 216.58 
Section 5 225.82 221.42 

5MW 

Section 6 226.80 222.40 
Section 1 217.02 211.87 
Section 2 216.85 209.48 
Section 3 216.11 208.92 
Section 4 215.83 208.32 
Section 5 223.88 217.48 

10MW

Section 6 224.61 218.91 
 

Table 5. Customer voltage conditions with SVR 

 Voltage [V]  
(Fixed method) 

Voltage [V]  
(LDC method) 

Load capacity of 
total section 

First 
customer 

point 

Last 
customer 

point 

First 
customer 

point 

Last 
customer 

point 
Section 1 221.17 222.34 219.17 220.34 
Section 2 221.43 222.87 218.95 220.77 
Section 3 221.47 222.95 218.37 220.65 
Section 4 221.97 223.95 217.77 220.67 
Section 5 232.61 231.29 230.11 229.09 

1.5
MW

Section 6 233.15 231.83 231.97 229.67 
Section 1 218.45 216.92 216.45 214.82 
Section 2 218.27 216.55 216.77 214.65 
Section 3 218.25 216.51 216.25 214.39 
Section 4 218.28 216.58 216.18 213.42 
Section 5 225.82 221.42 223.22 219.22 

5 
MW

Section 6 226.80 222.40 224.17 220.42 
Section 1 217.02 211.87 215.02 209.73 
Section 2 216.85 209.48 214.85 207.58 
Section 3 216.11 208.92 214.09 206.78 
Section 4 215.83 208.32 213.53 206.23 
Section 5 223.88 217.48 221.82 215.47 

10
MW

Section 6 224.61 218.91 222.35 216.79 
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Among the various operation method of SVR, this paper 
shows the comparison result between fixed method and 
LDC method as shown in Table 5. Where, the fixed method 
is widely used in power utility in Korea, which is operated 
by fixed sending voltage of 13200[V] based on the phase 
voltage. It could have possibility of customer voltage 
problems for the rapid voltage variation. To overcome 
these problems, this paper presents LDC method which can 
control the sending voltage of SVR depending on the load 
variation. Compared to Table 4 without SVR, it is clear 
that all of customer voltages can be maintained within the 
allowable limits according to the voltage control method 
(LDC method) of SVR. Therefore, it is confirmed that 
the operation of SVR can make the customer voltage of 
distribution system with PV system keep better voltage 
conditions. 

 
 

6. Conclusions 
 
This paper has proposed the modified modeling of PV 

system based on the PSCAD/EMTDC and optimal control 
method of customer voltages in real distribution system 
interconnected with the PV systems. The main results are 
summarized as follows. 

(1) It is confirmed that the overvoltage phenomena in 
primary feeder is occurred by the reverse power flow 
of PV system. And also, the overvoltage phenomena 
at the off-peak load is much bigger than the peak 
load, because the reverse power flow of PV system 
at off-peak load can influence the bigger impact to 
distribution system than the peak load. 

(2)  When the PV system is interconnected with distribu-
tion system, some customer voltages cannot be 
maintained within allowable limits (220[V]±6%). 
Therefore, it is clear that severe voltage quality 
problems may be occurred if the large-scale PV 
system is located at the end section of primary feeder. 

(3) With the optimal control method of SVR, it is clear 
that all of customer voltages can be maintained 
within the allowable limits compared to customer 
voltages without SVR. Therefore, it is confirmed 
that the operation of SVR can is practical tool for the 
better voltage conditions in distribution system 
interconnected with PV system.  
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