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Abstract: Battery energy storage systems (BESS) can alleviate the unstable effects of intermittent
renewable energy systems, such as solar and wind power systems. In addition, a BESS can level the
load of the existing utility grid. The penetration rate of this type of system is expected to increase
in the future power grid, i.e., the microgrid. In this paper, a modeling technique is proposed that
allows users to customize the photovoltaic (PV) battery hybrid systems. A dynamic power system
computer-aided design/electromagnetic transients including DC system (PSCAD/EMTDC) model
of a PV battery hybrid system is presented in this paper. Dynamic modeling of PV arrays, BESS,
maximum power point tracking (MPPT) algorithms, and bidirectional converters are provided as
well. The PV model, battery model, and MPPT control model are designed using a user-defined
model (UDM) for custom electromagnetic transient simulation. A control method for stabilizing
the output of the PV battery hybrid system is proposed. Finally, a PSCAD/EMTDC simulation is
conducted to verify the effectiveness of the operating algorithm.

Keywords: distributed generations; PV system; BESS; PSCAD/EMTDC; custom electromagnetic
transient simulation; microgrid

1. Introduction

A photovoltaic (PV) generation system is a type of technology that uses solar cells to convert
solar energy into electrical energy. Due to its abundant resources, easy exploitation, cleanliness,
and renewable properties, PV generation is developing more and more rapidly as a renewable energy
source. When the PV generation systems are interconnected to a distribution system, the existing
passive grid is changed to an active grid. In an active grid, electrical energy can flow in both directions,
so the demand side can also contribute to electricity generation [1,2]. This can achieve substantial
technical and economic benefits for both utility companies and customers. Loss reduction, voltage
improvement, and frequency control are a few examples of accomplishing this goal. The technical
impact of PV systems can be assessed through power system studies such as steady-state or dynamic
analysis [3]. Steady states are basic investigations that can evaluate the flow of power and fault currents
when PV is interconnected to the system. These studies are important for determining a reasonable
location for and the generation capacity of a solar power plant [4,5]. Further, dynamic studies are
needed to evaluate the overall grid continuity and to design powerful control systems [6-8].

However, the disadvantage of PV generation is that it occurs intermittently depending on the
weather conditions. Therefore, energy storage elements are needed to obtain stable and reliable output
from the PV generation system and to improve the steady-state and dynamic behavior of power
generation systems [9]. A battery energy storage system (BESS) can be integrated into a PV generation
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system to form a more stable PV battery hybrid system. BESS can alleviate the unstable effects of
intermittent renewable energy. The system can also level load fluctuations in the existing utility grid.
The PV battery hybrid system consists of a PV array, battery, power electronic converter, controller,
and utility grid [10].

Three basic types of battery models have been reported in the literature: those based on experiments,
electrochemistry, and electrical circuits. Experimental and electrochemical models are not suitable for
representing the cell dynamic for estimating the state of charge (SOC) of a battery pack. However,
electrical circuit-based models can be useful for indicating the electrical characteristics of a battery.
The simplest electrical model consists of an ideal voltage source connected in series with the internal
resistance [11]. However, this model does not consider the battery SOC. There is another model based
on the so-called Warburg impedance and open-circuit voltage connected in series with parallel RC
circuits [12]. Shepherd developed an equation that directly describes the electrochemical behavior
of a battery, and this model applies to both discharge and charge [13]. A modified version of the
Shepherd model is used in [14]—this modification consists of using a polarization voltage instead
of a polarization resistance to eliminate algebraic loop problems. This model represents the voltage
behavior using only the battery SOC as a state variable.

In a recent study, various control strategies were proposed for the management of PV battery
hybrid systems. Several approaches to the development of fuzzy logic energy management strategies
have been described [15]. Many studies have examined the management of renewable energy systems.
Most of these studies have focused on hybrid PV/wind/battery systems where wind energy is a source
other than PV [16-18]. In these hybrid systems, PV and wind energy complement each other, and the
role of the battery is less important than that of the PV/wind. Some studies have modeled PV battery
hybrid systems and proposed control techniques [19-21]. These studies have focused on modeling PV
battery hybrid systems.

However, in this paper, a modeling technique is proposed that allows users to customize the PV
battery hybrid systems as a simulation of electromagnetic transient. The simulation of electromagnetic
transient is widely used for testing control and protections for analyzing power system in modern
power systems [22,23]. Simulation tools or methods for electromagnetic transients fall under the
category of EMTP (Electromagnetic Transient Program) type tools. These tools are designed to study
power system at a very high level of precision by attempting to reproduce real time domain waveforms
of state variable at any location in the power system. Electromagnetic analysis technology is also
used for defect detection for sub-surface by the magnetic flux leakage (MFL) method [24]. It is the
proposed technique that allow users to develop an optimal model by modifying and upgrading the
characteristics of the system model.

This paper describes in detail the model of a PV battery hybrid system developed through user
customization. The PV generator is connected to the utility grid through a converter and a DC/AC
inverter. Further, the battery is connected to a common DC bus through a bidirectional DC/DC
converter. Detailed models of PV systems, BESS, and control systems are implemented in a power
system computer-aided design/electromagnetic transients including DC system (PSCAD/EMTDC).
PV models and battery models are implemented with Fortran code using the user-defined model
(UDM) from PSCAD/EMTDC [25]. The PV model has developed a UDM model that allows the
output characteristics to be determined by the PV parameters. The battery model has developed a
model that determines the charge and discharge characteristic of the battery based on the extracted
parameters from the discharge characteristic curve. In addition, a converter and inverter control
method is developed using UDM. The PV model, battery model, and MPPT control model are designed
for custom electromagnetic transient simulation. The effectiveness of the operation of the PV battery
hybrid system is verified through simulation.
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2. Modeling of PV and Battery Characteristics

This paper proposes a development technique for a battery and PV model. It is a technique that
allows users to develop an optimal model by modifying and supplementing the characteristics of the
model. The PV and battery model is developed using UDM from PSCAD. The output characteristics
of the PV and battery are expressed mathematically and programmed using Fortran code.

2.1. PV Array Modeling

The basic operating principle of a PV array is the photoelectric effect of a semiconductor PN
junction. The physical phenomenon of the PV module can be represented by an equivalent electrical
circuit, as shown in Figure 1. The load current is expressed by Equation (1) [26].

I Il
—> o
Rs .
Ip Lsy

Y/ RSH§ Vi

Solar
Module

o

Figure 1. Photovoltaic (PV) module equivalent electrical circuit.
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where,

I: Output terminal current

Isc: Short-circuit Current (A)

Rgpy: Intrinsic shunt resistance ()

Rg: Intrinsic series resistance ((2)

Io: Diode saturation current (A)

V: Terminal voltage of a module (V)
n: Ideal constant of diode

k: Boltzmann constant (1.38e—23(J/K))
T: Cell temperature (K)

q: Electron Charge (1.6 x 10712 (°C))
m: The number of cells in series in a module

The current source can be obtained by solar radiation quantity and temperature.

S
Isc = ISC(ref)' (m) +J- (T - Tref) 2

where,

S: Solar radiation quantity
T: Temperature (°C)

The characteristics of the PV module are non-linear and each curve only has one maximum power
point. In addition, the output current of the PV module is mainly affected by the irradiation variation,
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while the output voltage of the PV module is mainly affected by the temperature variation. However,
because the variable range of output power at different temperatures is small, irradiation variation is a
major factor in the output power of the PV array.

PSCAD/EMTDC is an industry-standard simulation tool for studying the transient behavior of
electrical devices and networks. The graphical user interface allows users to graphically organize
circuits and run simulations. It also allows users to analyze results and manage data in a fully integrated
graphical environment [25].

The user-friendly interface allows the user to enter the required parameters of the component.
User-defined components can be created using the component wizard as a function of PSCAD. Figure 2
shows the components of the PV array model created using the component wizard.

Iﬁ? PV AA AA

Thyd BB BB

4 I k

M Schematic I5F Graphic Parameters |2 Script |[E) Forran |[E] Data |

Figure 2. The component of the PV array model.

Figure 3 shows the creation of an input window where the user can enter the characteristics of the
PV array model. The user can enter the required parameters in the input parameter window as shown
in Figure 3.

= j’i E § @ )( CategoryProperties
- Categories
=d| Select mono_PVeell character Focused

=] 5CM 10W < =module1 Conditional expression | (module==5) i
5CM 20W <=module2 A e o
-[=d] SCM 30W <=module3 1] &l e

SCM 50W <=module5 -

-] SCM 400 <=module4 4 General

SCM 50W <=module5 [ Parrellel Module Number Integer
~-[=d] SCMB0W <=modulet I Series Module Number Integer
-2 BCM 80W  <=module? b Cells in Each Module Integer

SCM 100W <=moduled b Voltage at Pmax Real

=d SCM 120 <=madul=s [ Current at Pmax{A] Real

~[5d] 5CM 180W  <=module 10 [» Open Circuit Voltage[V] Real

[ Short Circuit Current[A] Real

Short Circuit Current[A]

Real Input Fields allow the user to add numerical input to the component or they can be
used to import system signals into the component.

0 Echematic |f5F Graphic Parameters Script |E# Forran | Data |

Figure 3. Creation of PV array parameter input window.

The key essential parameters used for PV array are shown in Figure 4 along with the data used in
this paper.
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G5 [PV_BAT inv0514:myPVArray_2] id="17803 S

[scM 50w <=modules -
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4 General

Parrellel Module Number 20

Series Module Number 50
Cells in Each Module 35
Voltage at Pmax 17.2 V]
Current at Pmax[4] 3.49 [A]
Open Circuit Voltage[V] 22 [v]
Short Circuit Current[A] 3.76 [A]

Parrellel Module Number

Type=Integer, Symbol=Np5, min=0, max=,
Content=Literal, Intent=Input, Dim=1

[ ok ][ Cancel ] [ Help... ]

Figure 4. PV array parameter input.

The main function is represented using the Fortran language in UDM with reference to PSCAD,
as shown in Figures 5 and 6. Figure 5 shows the Fortran code employed to determine the terminal
voltage of the PV array using the “VDC’, an internal function of PSCAD.

IF(TIMEZERO) THEN

IF(NANE.0) ENABCCIN(NA,SSN) = TRUE.
IF(NB.NE.0) ENABCCIN(NB,SSN) = TRUE.
tNe¢ = DFLOAT(Nc)
tNp =DFLOAT(Np)
tNs =DFLOAT(Ns)

Error =100
DO 50 tmpn=1.2.0.01
CALL

FIND E{Vmpref Impref Pmpref, Vocref Iscref tmpn tNc, tmpRs, tmpRp tmpError)
IF (tmpError. LT Error) THEN
Error = tmpErmror

nid =tmpn
iFs =timpRs
iRp =tmpEp
ENDIF
50 END DO
ENDIF

tlsAold = STOR(NEXC+1)
|

| Get the terminal voltage
|
IF (NB EQ.0) THEN

tVsA = VDC(NA,SSN)
ELSE

tVsA = VDC(NA,SSN) - VDC(NB_SSN)
ENDIF
fVaA =1tVsA * 1000.0

Figure 5. Fortran code for the terminal voltage and initialization of the PV model.
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As shown in Figure 6, the magnitude of the output current is determined by using the characteristic
variable and constant variable of the PV array model. In this part, the model of the PV module can be
determined by reflecting the characteristics of PV module. If the user wants to change the characteristics
of the PV module, the user can modify this part to reflect the desired characteristics of the PV module.
In addition, Figure 6 shows the Fortran code employed to determine the terminal current of the PV

array using the ‘CCIN’, an internal function of PSCAD.

TVt = (((IMP +273) * K)/g) * tNe
tViref = (((refTEMP + 273) * K)/g) * tNc
tEg =1.16 - 0.000702 * (TMP +273) ** 2/(TMP + 273 - 1108)

tEgref = 1.16 - 0.000702 * (refTEMP + 273) ** 2/(ref TEMP + 273 - 1108)
tloref = Iecref (EXP(Vocref{nid * tViref)) - 1.0)

tlsc = Iscref * ( INS/1000.0 ) + Itmp/100.0 * Iscref * (TMP - refTEMP)

tAt = tloref/{(ref TEMP + 273) ** Gamma * EXP( -tEgref{nid * tViref) )

tlo = tAt * (TMP + 273) ** Gamma * EXP( -tEg/(nid * tVt) )

tVoc = (md * tVt) * LOG{(tIsc/tlo + 1.0)

tIsA = tNp * (tlsc - tlo * (EXP((tVsA/tNs + tIsAold/tNp*tRs)/(nid * {V1)) - 1.0)- (tVsA/tNs +

tIsAoldtNp*tRs )/ tRp)
STOR(NEXC+1) = tIsA
|

| Current injection
I
TF(tlsA LE.0) THEN
iy =
ELSE
tling = tIsA
ENDIF
C_1ny = (thy/1000.0)
Ipv =C_inyg
Ppv =Ipv*tVsA/1000
IF(NANE.O)
CCIN(NA_SSN) =CCIN({NA_SSN) + C_n
IF(NB.NE.O)
CCIN(NB,58N) = CCIN(NB_S8N) - C_inj

Figure 6. Fortran code for PV module characteristics and terminal current.

Figure 7 is designed as a test circuit to verify the performance of the PV array model.

Ipv
% /’l\
ﬁ Vv
PV_complite. f
Ing AA o
(. 1000.0 soitad ¥
T BB &ide
(250 e L 22 *
CellTemp
| ||,

Figure 7. The test circuit of the PV array.
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Figure 8 shows the output characteristics of the PV array as a function of insolation from the test
circuit. The simulation results are found to be identical to the actual output characteristics of the PV
array output.

60
1000(W/m2
50k ( )\ il
40} 800(W/m2) i
g 600(W/m2)
30+ B
% 400(W/pr2)
20+ B
10+ B
0 | | | |
0 5 10 15 20 25
Voltage(V)

Figure 8. The output characteristics of the PV array.
2.2. Battery Modeling

Figure 9 shows the typical discharge characteristics of a nickel-metal hydride (Ni-MH) battery cell.

v
O

| |
| |
| End of exponential |
: zone :
G | |
E | . !
End of nominal |
(V) | |
| zone |

Qe Capacity(Ah) ~ Qw

Figure 9. The typical discharge characteristics of nickel-metal hydride (Ni-MH).

The conventional discharge model is similar to the Shepherd model, but it can accurately represent
the voltage dynamics when the current variation and the open-circuit voltage (OCV) are considered
as functions of the state of charge (SOC) [13]. To better represent OCV behavior, terms related to
polarization voltage are added. In addition, the term related to polarization resistance has been slightly
modified. The obtained battery voltage is given by [27]:

Q

Vbatt:EO_R‘i_FK' Q—I
S

- (Is +1") + Exp(t) 3)

where,
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Ep: Battery constant voltage (V)

K: Polarization constant (V/Ah) or polarization resistance (2)Q: Battery capacity (Ah)
Is: Actual battery charge (Ah)

R: Internal resistance (QQ)

i: Battery current (A)

i*: Filtered current (A)

Exp(t): Exponential zone voltage (V)

The exponential area of Equation (3) is valid for Ni-MH batteries. Hysteresis occurs between
charging and discharging regardless of the SOC of the battery: this only occurs in the exponential
domain. This phenomenon can be represented by a nonlinear dynamic system [27]:

Exp’(t) = B [i(t)| - (~Exp(t) + A - u(t)) (4)

where,

B: Exponential zone time constant inverse (Ah~!)
i(t): Battery current (A)

A: Exponential zone amplitude (V)

u(t): Charge and discharge mode

The exponential voltage depends on the charge or discharge mode. A complete discharge model
system is shown in Figure 10.

t
it j idt<-—
0

G | »
1+sT ‘ i)
i() i(1)
Exp(t) = B-|i(t) | (=Exp(t) + A-u(t) ~— R

vy

2 By g Vo

Figure 10. Discharge Ni-MH battery model.

The battery charge characteristics of the existing model are as follows. The charging behavior,
particularly the end of charge (EOC) characteristics, differs and depends on the type of battery.
The Ni-MH type has special action in EOC. When the battery reaches the full charge voltage, the voltage
slowly decreases with the current amplitude. This is very important for modeling because the battery
charger monitors the charge stop value. This behavior is expressed by modifying the charge polarization
resistance. When the battery is fully charged (I; = 0), the voltage begins to drop. At this point,
the charger continues to overcharge the battery (Is < 0) and the voltage decreases. This phenomenon
can be manifested by reducing the polarization resistance when the battery is overcharged using the
absolute value of the charge (Is):

_ Q

- LI-01-Q
The battery model can accurately represent the behavior of the battery using well-determined

parameters. An important feature of the battery model is the extraction of parameters from the

manufacturer’s discharge curve. Figure 11 shows the real discharge characteristics of a 1.2 V 100 Ah

K (1)) @)
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Ni-MH battery cell (GMH 100) [28]. The real discharge curve shows the discharge test data from the
actual manufacturer. The discharge curve shows the voltage characteristics during discharging with a

constant current of 20 A (0.2 C rate).

VOLTAGE (V)

60
CAPACITY (Ah)

Figure 11. Discharge curve (GMH 100) [28].

The parameters are extracted from 0.2 C data using the curve fitting function of MATLAB, and they
are listed in Table 1 [29]. Figure 12 shows a comparison of the original data and the extracted parameter

data [30].

Table 1. Parameter from 0.2 C discharge curve.

Parameter Value

Ep 1.253 (V)

R 2.296 x 107 (Q)

K 1.204 x 10* (V/Ah)

A 0.1154 (V)

B 0.1108 (Ah™1)

1.45 T T T T -
I I I I —Discharge curve
7] [ [ L ] ---Curve fitting

VOLTAGE (V)

120

60
CAPACITY (Ah)

Figure 12. Curve fitting for 0.2 C discharge curve.

However, the obtained parameters did not fit the other discharge curves (1, 2, and 5 C curves).
Analyzing the results of the obtained parameters showed that the curve shape was similar, but the
y-intercept was different. The parameters (Eg, R) related to the y-intercept were recalculated. These two
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parameters were calculated using the relationship between current and y-intercept as shown in

Equation (6).

The two parameters are again derived using the curve fitting of MATLAB, with the results

Yinter = Eg—R-i

presented in Table 2 and Figure 13.

Table 2. Parameter from 0.2 C discharge curve.

Parameter Value
Eo 1.26 (V)
R 4576 x 10* (Q0)
1.25 ?; B 71 77777 J" 77777 1 77777 4‘ 77777 1 77777 4‘ 77777 1 77777 4‘ ~ | © Y-intercept

S I I I I I I I =+Curve fitting

o | | | | | | I T 7

| S| | | | | | | | |

| Sso | | | | | | | |

12— ——1————— Ty 4= [ 4= [ 4 ——— - [E

| ° SS9 | | | | | I I

| \*\~ 6 | | | | | |

- | | | ~ | | | | | |

E | | | S | | | | | |

| | | [ | | | | | |
21.157777\ 77777 4 - — = - - - — = 4777\3\1 77777 4+ - == [ “4 - — = [

= I I I I S~o I I I I I

i | | | | | SoL ! | | I I

o | | | | | S | | | |

> | | | | | [ | | |

I I I I I I SsQ I I I
l1F-—--1————— [ER [ [EUN [ NI e - - A - = — — [

I I I I I I I SsG) I I

| | | | | | | ™~ N | |

| | | | | | | | | |

| | | | | | | | \‘q\ |

| | | | | | | I IvS |

1.05----1—--———— R [ RO [ RO [ R (B
I I I I I I I I I
50 100 150 200 250 300 350 400 450 500
CURRENT (A)

Figure 14 shows the components of a battery model created using the component wizard.

Figure 13. Curve fitting for Y-intercept vs. i.

4

Figure 15 shows the cre
the Ni-MH battery model.

A NA

Ni-MH

ijﬁ@@ﬁ Battery | SOCE@Q
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INB NB

[0

& Schematic fF Graphic Parameters |12 Script |[E Fortran [[E] Data |

Figure 14. The components of a battery model.

ation of an input window where the user can enter the characteristics of
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4 General
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[+ Polarisation Constant{v/ah) Real
[+ Battery Capacity (Ah) Real
[» Exponential Zone Amplitude (V) Real
[ Exponential Zone Time Constant Inverse Real
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[+ The Number of series Batterys Real
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© Initial SOC Real
Initial SOC
Real Input Fields allow the user to add numerical input to the companent ar they can be
used to import system signals into the component.

25 Schematic |4 Graphic Parameters Script |E Fortran |[E) Data |

Figure 15. Creation of the battery parameter input window.

The obtained parameters from curve fitting are entered as the required parameters, as shown in

Figure 16.

a0 [PV BAT invOS14:BAT] id='043701313'  (eecdem

[Cnnﬁguraﬁun

e R N

4 General
12511
Polarisation Constant(Vf&h)  0.0001204 [V/Ah]
Battery Capacity (Ah) 105,285 [Ah]
Exponential Zone Amplitude (\ 0.1154
Exponential Zone Time Constar 0.1108 [Ah-1]
Internal Resistance 0.0004576 [ohm]
The Number of series Batterys 1
The Mumber of parellel Battery 1
Initial 50C 0.2

Battery Costant voltage (V)
Type=Real, Symbal=EQ, min=, max=, unit=V,
Content=Literal, Intent=Input, Dim=1

Ok ][ Cancel ][ Help...

Figure 16. Battery parameter input window.

As shown in Figure 17, the battery model is implemented using the Fortran language in UDM of
PSCAD. The user can then visualize the discharge curve with the obtained parameters and compare
them with the manufacturer’s discharge curve. In Figure 17, the initial state of the battery model
is defined. The magnitude of the output voltage is determined using the characteristic variable of
the battery model. In this part, the model of the Ni-MH battery can be determined by reflecting the
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characteristics of the battery. If the user wants to change the characteristics of the battery, the user can
modify this part to reflect the desired characteristics of the battery.

IF (TIMEZERO) THEN
Vbatt=1.39
Im =IcellNp
sS0OC =150C
it =(1-S0C)*Q
ELSE

Im old =STORF(MY_STORF)

it old =STORF(MY STORF+1)
Vbatt_old = STORF(MY_STORF+2)
Istar old =STORF(MY STORF+3)
SOC _old = STORF(MY STORF+4)
ex old =STORF(MY STORF+5)

Im = IcellNp

it =1t_oldHDELT/(2*2))*(Im+Im_old)

Istar = Istar old/(1+DELT/60+{DELT/(60+DELT))*(Im+Im old-Istar old)
Y = 1+DELT*B*ABS(Im)2

S0C = 1-it/'Q

IF (Im == 0) THEN
ex =(1-DELT*B*ABS(Im old)/2)%ex old'Y
Vbatt = E0-R*Im-K*Q*(it+Istar)/(Q-it)+ex
ELSE
ex =(1-DELT*B*ABS(Im_old)/2)*ex_old Y+DELT*A*B*(ABS(Im)+
ABS(Im_old))/(2*Y)
Vbatt = E0-R*Im-K*Q*Istar/( ABS(if)-0.1%Q)-K*Q*it/(Q-it)+ex
ENDIF
ENDIF
STORF(MY STORF)=Im
STORF(MY STORF+1) =1t
STORF(MY STORF+2) = Vbatt
STORF(MY_STORF+3) = Istar
STORF(MY _STORF+4) = SOC
STORF(MY STORF+5) = ex
Vout = Na*Vhatt/1000

Figure 17. Fortran code for battery model characteristics.

Figures 18-21 show the results of the battery discharge simulation: 0.2, 1, 2, and 5 C. The profile
of the experimental data is compared to that of the model data. The experimental data are the actual
battery discharge data measured by the manufacturer through the Ni-MH battery discharge experiment.
Regardless of the discharge current, the results indicate that the obtained parameters can correctly
represent the Ni-MH battery model. Therefore, it can be seen that the battery model is almost the same
as the actual model characteristics.
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Figure 18. Discharge curve (0.2 C).
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Figure 19. Discharge curve (1 C).
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Figure 20. Discharge curve (2 C).
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I I I I -+Experimental Curve
| | | | ---Model Curve

VOLTAGE (V)

—

60
CAPACITY (Ah)

Figure 21. Discharge curve (5 C).
3. PV Battery Hybrid Systems

The control method of the converter and inverter is developed using UDM from PSCAD.
The converter control technique applied the MPPT technique to maximize the output of the PV system.
The inverter control technology is applied to control the output of the PV battery hybrid system.
It is developed so that the user can easily modify the control technique of the converter and inverter.
Therefore, it is possible to check the performance by applying various techniques and can be used for
new technique development.

Figure 22 shows the configuration of a PV battery hybrid system. The PV array and the battery
are each connected to a common DC bus through a DC/DC converter. Then, they are interconnected to
the AC grid through a common DC/AC inverter. BESS can balance between PV generation and load
demands through charging and discharging. The PV system is intended to maximize PV generation
output. The BESS is used to control the DC link voltage. The inverter aims to control the system output.
The PV system, BESS, and inverter each have independent control objects, and the whole system works
safely through the control of each of its parts.

hanil I
A4 ADC/DC| L e
J— N C— Il"'“
Convertefr ~ 9 e
vahr Grid
PV
Array Load
DC/AC
Inverter
S,
R
i, L,
— Bi-directional
Ni-MH | S, DC/DC [Converter
Battery 4@

Figure 22. Configuration of PV battery hybrid systems.
3.1. PV Generation System

When the PV source is interconnected to the grid, it is necessary to convert the DC power into AC
power using electronics. Further, to improve the efficiency of the PV power generation system, it is
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also necessary to control the PV array to generate maximum power in a specific environment. For the
PV system, maximum power point tracking (MPPT) is realized by controlling the DC/DC converter.

MPPT aims to operate the PV generation at the maximum power point using a control algorithm.
Many MPPT algorithms can be used, including the constant voltage tracking method, perturbation
and observation (P&O) method, INC-CON method, and variable step size method. Of these methods,
the P&O method is selected because it does not require more reliable measurements than the
other methods.

The P&O algorithm works by continuously measuring the terminal voltage and current of the PV
array, then adding a small disturbance to constantly disturb the voltage, and observing the change in
output power to determine the next control signal. If the power increases, the fluctuation continues
in the same direction in the next step: otherwise, the fluctuation direction is reversed as shown in
Figure 23. For the P&O algorithm, large perturbations can be used to quickly track the maximum power
point, but the resulting accuracy is low. Conversely, using small perturbations increase the accuracy of
the algorithm, but it takes a long time to track the maximum power point. In the characteristic curve of
the PV generation, the power increment and the voltage increment have the following relationship [31]:

dP
At the left of MPP : v >0 )
At the right of MPP : £<O 8)
eright o LW
dp
Atthe MPP: — =
e v 0 )

START

Measure V(n), I(n)
dP=P(n)-P(n-1)
dV=V(n)-V(n-1)

YES

Vref=Vref-dV Vref=Vref+dV Vref=Vref+dV Vref=Vref-dV

Y

Return

Figure 23. Perturbation and observation (P&O) algorithm flowchart.

As shown in Figure 24, the MPPT algorithm is implemented in the Fortran language in the UDM
of PSCAD. In this part, the MPPT algorithm code is shown while excluding the initialization part and
the variable definition part. If this part is modified with the other algorithm, it is possible to verify the
other algorithm.
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IF (NRUNMPPT EQ. 2) THEN

MODE =1

tVold = STOR(NEXC+1)
tlold = STOR(NEXC+2)
Vs =VBV

Is =PV

dvs =Vs-tVold
dis =1Is - tTold

STOR(NEXC+1) = Vs
STOR(NEXC+2) =Is
Vref =VMPPT
IF (( dvs LE. 21 ) AND. ( dvs .GE. -el )) THEN
IF (( dis LE. €2 ) .AND. ( dis .GE. -€2 )) THEN
Vimp = Vref
ELSEIF (dis .GT. e2 ) THEN
Vimp = Veef + mag
ELSEIF (dis LT. -e2) THEN
Vimp = Vref - mag
ENDIF
ELSE
IF ((dis/dvs +1s'Vs) GT.e3) THEN
Vimp = Vref + mag
ELSEIF ({dis/dvs + I[s/'Vs) LT. -e3) THEN
Vimp = Vref - mag

ELSE
Vimp = Veef
ENDIF
ENDIF
VMPPT = Vtmp

ENDIF

Figure 24. Maximum power point tracking (MPPT) modeling of Fortran language.

For PV generation systems, a buck chopper circuit is used as a DC/DC converter. Due to the high
output voltage of the PV cell series, a buck circuit can be used to convert a high voltage PV array.
Capacitors are commonly connected between the PV array and the buck circuit, and these are used
to reduce high-frequency harmonics. Figure 25 shows the configuration of the buck circuit and its
control system.

Iy L
L
| T T L, | T
PV VPV:: va ZS Cdc== I/dC
| _ Buck -
Ile Kw P\:\:M
v - [@
MPPT ->;é>—> %—
V.
de,ref - Controller

Figure 25. Buck circuit and control system.

The duty cycle D can be adjusted to control the PV generation to operate it at its maximum power
point. Control schemes include PI control. Figure 26 shows the DC/DC converter control scheme
in PSCAD.
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Maximum Power Point Tracking

J & v MO Mmeet )
Vpv Vmppt
Mode ~
Ipv [ mpptMode

T1

m

Compar-
ator

Figure 26. DC/DC Converter control scheme in power system computer-aided design (PSCAD).

3.2. Battery Energy Storage System

The BESS consists of a battery, a bidirectional DC/DC converter, and a control system. The system
can work in two directions. The battery can be charged to store additional energy, and it can also
release energy into the grid. In this paper, the BESS is connected to the DC bus through a bidirectional
DC/DC converter in PSCAD, as shown in Figure 27. The battery acts as a power source to meet the load
demands that cannot be fully met by the PV system, particularly during solar fluctuations. The battery
is designed to complement the PV system output.

DC-DC Converter for charging and discharging E@
@ 0
e 1 bat
. —_—
ni_bat.f v 52:0012 [H]

(iR

. I_input
I bat

1000.0

Figure 27. Battery and bidirectional DC/DC Converter in PSCAD.
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The main purpose of the battery converter is to control the DC link voltage. As shown in Figure 28,
the factors that determine the reference value (PpaT ref) for this controller are the DC link voltage (Ecap),

grid power (Psys ref), and PV power (Ppy).

PS YS ref

\ 4
av,

ECap,ref + BAT jref

PPV

Cap
Figure 28. Control DC link voltage.
The mode of operation for the BESS is determined by the calculated reference (PaT ref)-

Charge mode: If the reference value (PpaT ref) is negative, switch D1 is activated and the converter
acts as a boost circuit. Figure 29 shows how to control the charge mode of a bidirectional converter.

Charge mode

])BA T,ref <O

Y

AND —>D1

Y

PWM

signal

Pyr +

]JI?AT,I‘ef'
Figure 29. Control of the charge mode.

Discharge mode: When the reference value (Pgat ) is positive, switch D2 is activated and the
converter operates as a buck circuit. Figure 30 shows the discharge mode of a bidirectional converter.

Discharge mode

B >0

\

AND [—» ])2

Y

PWM

signal

Figure 30. Control of the discharge mode.

The charge and discharge control scheme is modeled by PSCAD in Figure 31.
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DC-DC Converter for charging and discharging
(Based on Buck-Boost converter algorithm)

Cirl= 1
Pbatref D
e ]
o H° - Ay ctil = 1
Cir D ~ En
Tcgt%ﬂr"'ar'_ oo & ;
Cirl
ch_con ::500'0 W-
i< 1 ch_con
Phatref D =
LT
= L Ctrl =
Pbat CmI b EES |
Compar- .
ch.eon atar :>j-' 4
ol e

Figure 31. Charge and discharge control in PSCAD.

3.3. Control of Grid-Connected Inverter

19 of 25

The PV array and the battery are connected to the AC grid via a common DC/AC inverter.
The purpose of the inverter is to control the system output power regardless of the output of the PV
generation. A vector control scheme with a reference frame along the grid voltage vector position is
used to independently control the active and reactive power flowing between the grid and the inverter.
The converter is regulated by a direct axis current used to regulate the actual power (system output
power) and a quadrature axis current used to regulate the reactive power. Figure 32 shows a control
diagram of the inverter.

P

ST
PSYS.W[ l*( }

cap

n OOy ] e X
L 5 N g »| PWM fup ﬂb
—50 3 ) s ap
\ _/ &' . U/ . > abc
2] Voltage
< Angle
E”a Calculation
Vs
. |da Ly A
V.
’ &b abc <
w,L
Id\' as
dq o
1 o
o ube
Grid

Figure 32. Vector-control structure for an inverter.
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The controller of the inverter is modeled using the UDM of PSCAD. A portion of the Fortran code
is shown in Figure 33. The program is configured to determine the output voltage and the current
using the internal function of PSCAD. The required parameters for the inverter are entered as shown
in Figure 34.

CALL TVEKA3(Va pu, Vb pu, Vc_pu, $Gp, $Gi, $Vbas, $Fbas, STHOFF, STREL Theta,
ERR_R.OM_GA)
phi = ATAN2(SIN(Theta-PI_BY?2).COS(Theta-PL BY2))
V_alpha =(2.0/3.0)%(Va_pu.- Vb_pu/2.0 - Vc_pu'2.0)
V_beta =(2.0/3.0/*(SQRT_3*Vh_pw/2.0 - SQRT 3*Vc_pu/2.0)
I alpha =(2.0/3.0)%(la_pu.- Ib_pu/2.0 - Ic_pu/2.0)
I beta =(2.0/3.0/*(SQRT_3*Ib_pw/2.0 - SQRT 3*Ic_pw/2.0)
Vd=cos(phi)*V_alpha + sin{ph1)*V_beta
Vig=-sin({ph1)*V_alpha + cos(ph1)*V_beta
Id=cos(ph1)*I_alpha + sin(phi)*I_beta
Ig=smn(ph1)*T_alpha + cos(ph1)*T beta
PCAL = 3/2%(V_alpha*1 alpha +V_beta®] beta)
QCAL = 3/2%(V_alpha*I beta- V_beta*I alpha)
#IF PMODE — 0
INR = $SEDCREF - SEDC/$Edc_base
41F MthdDC==0 || (MthdDC=1 && INTRDC==0)
#LOCAL REAT. EVDR2 12
RVDRZ_1(1)= INR
RVDR2_1(2)=0.0
#ENDIF
OUTR = EMTDC_XPI(~
#CASE MthdDC {~0~} {~$INTRDC~}~SGPDC $TIDC $YLODC SYHIDC $YINITDC,
4TF MthdDC==0 || (MthdDC—1 && INTRDC==0)+RVDR2_1)
#ELSE
+INR)}
#FENDIF

Figure 33. Inverter control modeling for Fortran language.

sl [PV_BAT inv0514:Inverter Final] id="58119_ (NeES

lCcnﬁguraticns -
L F S AW
4 General
D-axis Control Mode Pref Control
Q-axis Control Made Qref Control
Rated Voltage (L-L RMS) 22.9 [kv]
Rated 3phase MVA 2.5 [MvA]

Rated DCLink Voltage(ky) 0.5
Equivalent Impedance(?t) 8
Triangle Wave Multiplier 21

PI Gain Parameter Setting Maod Default

D-axis Control Mode
Type=Choice, Symbol=PMODE, Return Value=1

[ Ok ][ Cancel ] [ Help... l

Figure 34. Inverter parameter input.
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Figure 35 shows the DC/AC inverter modeled by PSCAD.

12 %—{Hlﬁi Ji—{liilﬁi
= = e P =0.333¢
= Q= []..[1995 4 [MyA]
V =1.200 22.9[kV]/ 0.262 [

i T
= = = Ualg;: Bl
ﬁﬁlﬁi\ g{til g 'ilﬁi\ Vap PCC Tis
T2s Tos T4s 13@ E2
13p P T35
1 o Vd¢ mverTer P2
= Ecap _T%s
CONTROLLERL
Ur@s 54@
Vrms_PCC T4s
Prmgas B3
p_ficc o T5s
Qmegs BO
qQ Bec T6s

Figure 35. DC/AC inverter in PSCAD.

4. Case Studies

In this paper, the PV battery hybrid system is simulated in various situations to evaluate the
system performance. Figure 36 shows a PV battery hybrid system modeled by PSCAD. The simulation
settings are shown in Table 3.
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Figure 36. PV battery hybrid system in PSCAD.

Table 3. Simulation setting value.

Category Parameter Value

PV array Rated Capacity 2.5 (MW)
Battery Rated Capacity 2.4 (MWh)
Battery Terminal Voltage 240 (V)
DC link Control Voltage 600 (V)
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In case 1, the power output to the grid is fixed. Figure 37 shows the system output, PV generation
power, battery charge and discharge power, battery SOC, and battery state (charge = 0, discharge = 1).
The system output of the inverter is maintained in a stable manner because the battery compensates for
the fluctuation of the PV generation power. When the PV power exceeds the inverter power reference,
the battery operates in charge mode; otherwise, it operates in discharge mode.

Time (second)

Figure 37. Results of case 1.

In case 2, the system output reference changes every 10 s. Figure 38 shows the system output,
PV generation power, battery charge and discharge power, battery SOC, and battery status.
Hybrid systems have been proven to work well with various system output references. This example
demonstrates that hybrid systems can contribute to grid power control under various conditions.

~ 2
2 15k -- ﬂ‘ ,,,,,, 1 ,,,,,, Jr ,,,,,, —e—Reference
?, e - e-—————— L ——System Output
%] L | ]
5 0.5 ---- Hm - - - l——— === o= |- —— === b= 4o - = === == —
-9 | | | | | | | | |
= I I I I I I 0
EIE Y A N T i e [==PV Outpui
= | | | | | | | | |
. I e A ——
2 I
A | I
(= I
z ‘ 0
= |
g
o

Time (second)

Figure 38. Results of case 2.

Through case 1 and case 2 simulations, it is confirmed that the control of the converter and inverter
is being performed stably. The converter of the PV array is controlled to maximize the output of the PV
array, and the converter of battery controls the charging and discharging of the battery. Through this
control, it is confirmed that the inverter controls the system output stably.
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5. Conclusions

In this paper, a simulation model of a PV battery hybrid system is developed by PSCAD/EMTDC.
Each system component is modeled and simulated using PSCAD customization. The modeling
schemes of PV models, battery models, and power conversion systems have been described in detail.
The PV model is made into a model that can receive the characteristics of a photovoltaic cell and
determine the output of the photovoltaic cell. The battery model is developed to reflect the discharge
characteristics of the battery, and the parameters are extracted from the experimental data of the battery
discharge. Using the DC/DC converter, PV generation uses the MPPT algorithm and BESS uses the
charge and discharge algorithm. The results confirm that the entire system can be stabilized through
charging and discharging.

The proposed PV battery hybrid system allows the user to change or modify the properties of the
PV or the battery. This means that new PV or battery characteristics can be easily applied. In addition,
the user can modify the Fortran code to immediately apply the converter and inverter algorithm.
This allows users to develop system operating algorithms and simulate various cases without the need
for a lot of modification.

In this paper, a development technique of the PV battery hybrid system model is proposed.
When the development model is applied to an actual system, it is difficult to modify or improve.
Therefore, an optimal model can be developed using the proposed technique. In addition, various case
analysis can be performed before applying the development model to the actual system.
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