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ABSTRACT

With the development of new energy technology, there are increasing applications of grid-connected photovoltaic pow-
er generation system. However, there is little research on development of electromechanical model of large scale pho-
tovoltaic power station. The computational speed will be very slow if electromagnetic transient model is used for stabil-
ity study because of its complexity. Therefore, study on electromechanical transient model of grid-connected photovol-
taic power generation system is of great meaning. In this paper, electromagnetic transient model of photovoltaic power
generation system is introduced first, and then a general electromechanical transient model is proposed. These two
kinds of simulation model are set up in PSCAD. By comparing the simulation results of two models, the correctness and
validity of the electromechanical transient model is verified. It provides reference model for efficient simulation and
modeling of grid-connected photovoltaic power station in large-scale power systems.
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1. Introduction

With the development of new energy technology, there
are more and more applications of grid-connected pho-
tovoltaic power generation system [1,2]. Transient model
of both accuracy and efficiency is needed in power sys-
tem dynamic analysis with photovoltaic power genera-
tion. In the previous study, two models usually used as
photovoltaic power generation model, of which one is the
power flow model, and the other is electro- magnetic
transient model. The former uses photovoltaic system
just as a simple power source without considering its
dynamic process [3-5], while the latter is established ac-
cording to specific photovoltaic system, and strictly re-
flects the maximum power point tracking(MPPT) and the
inverter control [6-9]. The latter is very detailed and can
meet the requirements of grid transient process analysis,
but it also has many problems, such as: 1) the electro-
magnetic transient model is not universal because the
internal structure and control method of photovoltaic
system are different of different manufactures, so a lot of
work is needed if we want to establish electromagnetic
transient model for different manufacturers and types, 2)
the electromagnetic transient model needs proprietary
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equipment internal parameters, which are difficult to
obtain, 3) the electromagnetic transient model needs
small compute step because of its complexity, resulting
in long computation time, and 4) at present, large power
grid analysis often requires business or engineering si-
mulation software, so in order to improve the automation
level and expand the scale of calculation, unified model
is needed for different kinds of power, including photo-
voltaic. In conclusion, according to the demand of the
electromechanical transient simulation of power system,
a universal modeling method is needed while analyzing
the common features of different kinds of photovoltaic
power generation system.

In this paper, electromagnetic transient model of pho-
tovoltaic power generation system is introduced first ac-
cording to the references, and then a general electrome-
chanical transient model of grid-connected photovoltaic
power system is proposed, and two simulation models
are established in PSCAD/EMTDC. By comparing the
simulation results of two models, the correctness and
validity of the electromechanical transient model is veri-
fied, which provides reference model for simulation and
modeling of large scale grid-connected photovoltaic
power station.
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2. The Electromagnetic Transient Model

Grid-connected photovoltaic system includes photovoltaic
array, DC/DC, inverter, controller and MPPT control, as
shown in Figure 1.

The photovoltaic array changes solar energy to DC
electricity, which is connected to the power grid through
DC/DC and inverter.

According to Figure 1, we can establish electromag-
netic transient model of photovoltaic system, which is
introduced in the following text.

2.1. The Photovoltaic Cell Model

There are mainly two types of photovoltaic cell simula-
tion model used in related literature [10]: the physical
model and the behavior model. The physical model is
based on the physical equivalent circuit of the cell, in
which some semiconductor parameters such as photo-
current and PN coefficient are needed [1], which have no
direct relationship with the characteristics of the cell, and
are hard to obtain, therefore, the behavior model is often
used in studies [11].

In practice, photovoltaic manufactures provide four
parameters of the cell: lg, U, I, and Uy, under standard
environment, according to which we have the following
characteristic of the cell:

I=T_{1-C[e" o) 1]} (@)
C] — (1 o Ilm /I |sc )g_Uml "l(CEUOC) (2)
C,=(U,/U,. ~Dln(1- 1, /1)]" ®)

where,
I =1 ALI = ALU, =U, AU U, =U, AU
AT =[1+a(T-T,)IS/S,,
AU =[1-7(T =T, )] in[e+ (S -S,,)]

And, S, = 1000W/m?, T, = 25°Cis the standard en-
vironment, Ig., Uge, I and Uy, are the parameters under
different environments, « and » is the temperature
compensation coefficient, and g is the illumination
compensation coefficient.

Take STP062-12/Sc for example, its I-U and P-U
curve are shown in Figure 2 and Figure 3 under differ-
ent illumination and the same temperature 25°C, from
which we can see that they are both non-linear. The P-U
curve has a maximum point under the same illumination
and temperature, which is the maximum power point of
the cell, and it changes with the illumination, temperature
or load state. In order to obtain the maximum power,
maximum power point tracking control must be used,
called as MPPT.
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2.2. MPPT Control

The I-U curve shows that the internal resistant of photo-
voltaic cell is time-varying, and MPPT is a process of
dynamic load matching, which is usually achieved by the
DC/DC circuit. When the maximum power point changes
with the environment, the matched external resistant can
be obtained by changing the duty cycle of the DC/DC
circuit, thus when the external resistant equals the inter-
nal resistant, the maximum power of the cell can be ob-
tained. In practice system, the Boost circuit is usually
used as the DC/DC circuit.

The structure of MPPT controller is shown in Figure 4.
The MPPT controller gives the reference voltage of the
cell though real-time detection of the actual cell voltage,
then the difference between the two voltages go through
a PI regulator, and gives the carrier signal, which com-
pares with the triangle wave and then gets the PWM sig-
nal. This process is a closed loop control of the photo-
voltaic cell voltage, through which the actual voltage
meets the maximum power point voltage quickly, and
then the maximum power of the photovoltaic array is
obtained.

Photovoltaic Array DC/DC Inverter Power grid
—>

MPPT controller

Figure 1. Structure of photovoltaic system.
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Figure 4. The structure of MPPT controller.
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The core of the MPPT controller is MPPT arithmetic
[12,13], such as perturbation and observation method,
incremental conductance method and so on, which is not
the focus of this paper, so we will not elaborate it here.

2.3. Grid-connected Inverter Control

The structure of three-phase grid-connected inverter is
shown in Figure 5. The PQ decoupling control based on
synchronous rotating frame is usually used, which in-
cludes inner current loop control and outer power loop
control [14-16].

Under static abc frame, three-phase inverter can be
modeled as follows:

i u e
d iﬁl _ !t ua - egel 4)
d || L+R| °| L+R| ®|
Ic uc egc
where, i_,i,,i, is the output current of the inverter,
u,,Uuy,u, is the output voltage of the inverter,

€4arE4pr €y 1S the grid voltage, L is the inductance and R
is the equivalent resistant.
Equation (4) can be changed to synchronous rotating

frame as:

S ]
dt|l, -0 0]l L|u, —e, —RIig

where, o is the angular frequency of grid fundamental
wave. If the grid voltage is ideal, the active and reactive
power can be described as follows:

P =3e,i, /2,Q = 3e,i, /2 6)

Equation (6) shows that PQ can be controlled inde-
pendently. And equation (5) is the principle of current
control [14,16].

3. The Electromechanical Transient Model

Now we have the electromagnetic transient model of one
photovoltaic power system, while there are many sets of
photovoltaic working together in an actual photovoltaic
power station, which needs simulation at the same time.
Because the power flow model is too simple to describe
the dynamic process, and the electromagnetic transient
model needs small simulation step and takes a long
computation time because of its complexity, so none of
them is suitable for dynamic process simulation of large
scale photovoltaic system, therefore the study of an
electromechanical transient model is of great meaning.
The following presents a general electromechanical
transient model suitable for the simulation of large-scale
power system. This model includes the photovoltaic ar-
ray model, MPPT, DC/DC , the DC link, the inner and
outer loop of inverter control. Figure 6 shows the rela-
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tionship of signal transfer between them.

The electromechanical transient model is based on
mathematical calculations, with no electric elements and
no high frequency switching device. Compared with the
electromagnetic transient model, MPPT control, DC/DC
and the inverter are replaced by pure mathematical mod-
els, while the photovoltaic cell model remains the same.
These modules will be discussed later.

3.1. The MPPT Model

The main purpose of MPPT module is to achieve real-
time tracking of the maximum power point voltage,
through which the photovoltaic output voltage is a first
order lag of the reference voltage. Although different
controller has different pure lag time constant z and
first order time constant T, its effect can be described by
the following equation:

—7S

e
V. +AV 7
pv 14T S pvm pvm ( )

where, V, is the real voltage of photovoltaic, V,, Iis

pvm

the reference voltage, and AV, is the tracking error.

3.2. DC/DC Module

Take Boost circuit for example, DC/DC mainly raises the
voltage and transmits the power. In electromagnetic tran-
sient model, the Boost circuit helps achieve the MPPT,
while not in electromechanical transient model. DC/DC
module can be described by the following equation:

{Pout =f,(R.)=PRm

V. - - (8)
out — Z(Vin’ D) _Vin /(1_ D)

where, 7 is the efficiency of DC/DC, and D is the duty
cycle.
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Figure 5. Structure of three-phase grid-connected inverter.
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Figure 6. Signal transfer of electromechanical transient
model.
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3.3. The DC Link

The DC link connects the DC side and the AC side, and
the DC bus voltage stability is a prerequisite to ensure
the normal work of the inverter, which needs much
attention while establishing the electromechanical tran-
sient model.

The DC link module can be described as follows:

dE.
—=R,,-PR

dt PV2 De (9)
Ec :1/ ZCVS

where, B, isthe DC side input power, P,, isthe AC
side input power, C is the capacitance of DC link, Vp is
the voltage of the DC link, and Ec is the energy of the
capacity.

3.4. The Outer Loop of Inverter Control

The outer loop of inverter control is power control,
realizing the PQ decoupling control. The difference
between the actual value and reference value of the DC
link voltage, through a Pl regulator, output the d axis
current reference value, which forms the closed loop
control of DC bus voltage. The difference between the
actual value and reference value of the reactive power,
through a PI regulator, output the g axis current reference
value, which forms the closed loop control of the grid
reactive power.
The transfer function of the outer loop is as follows:

1 f:desz+Bdls+Bdo( V)
re Dref — VD
AoS® + Aus+ Ay (10)

_ 1
Id,ref _Sat(ld,ref ' Id,max’ Id,min)

2
By2S” + ByiS+ By

s = (Qu -Q.)
q,ref 2 ref e
AppS™ + AyS+ Ay (11)
1
Iq,ref = Sat( Iq,ref ’ Iq,max’ Iq,min)
where,
1) Sat(X, Xy Xmin) IS saturation function, as fol-
lows:
Xinax X> Xinax
Sat(x, Xmax ' Xmin ) = Xmin X< Xmin
X Xinin <x< Xinax

can be decided by the
only by 1 as

2) Id,max’ Id,min' Iq,max' Iq,min
model parameters, or deduced

follows:
_ _ [i2
{Id,max = Imax {Iq,max - Imax - Id,ref

max !

d,min max | 1g min = 7 !qmax

3) AdZi Adll AdOi Bd2| Bdli BdOI Aqu Aqli Aqu Ban Bqli
qu are control parameters.
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3.5. The Inner Loop of Inverter Control

The inner loop of inverter control is current control,
through which the actual current tracks the reference
current, thus the active and reactive power meets the
demands. The following gives the derivation of its
transfer function.

Equation (5) can be written as follows:

di . .
€gs =Ug —(Ld—:+ Ri, ]+ Lo,
12
di, _ (12)
egq = Uq - LE-F qu - La)ld

Through the Laplace transform, we have
€y _{ud}:{—(Ls+ R) ol Hld} 13)
€y | | Ug -oL  —(Ls+R) ||

Through the PI regulator, the output voltage of inverter is:

Ki /s . .
€ga.rer =Ug +[K1p +TI (Idyre, —ly )+ Lai,

(14)
B K Ky s V- Loi
egq —Uq+ 2p+T (Iq,ref —|q)— C()ld
In matrix form, as follows:
rgdHud}_{—Pu(s) oL }H
e U, | | —oL  —PlL(s)||i
wo . T as)
Pll(S) 0 Id’ref
+ .
0 PL(S) || Ty res
Compare Equation (13) and (15), we have:
—(Ls+R)+Pl(s) 0 i
0 —(Ls+R)+Pl,(s) || i
_ Pll(S) 0 id’ref
L0 PL(S) g e
That is:
i, = Pll(s) |
¢ —(Ls+R)+Pl(s) “™ )
Lo PL
© —(Ls+R)+Pl,(s) ™™
In a general form:
. by,8° +bys+by, .
W= = = lar
ay,S" +a,,S+3ay,
5 17
. BT +bys+by,
I S R
a;,S° +a,S+ay,

Equation (17) is the transfer function of the inner cur-
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rent loop, which includes dg/abc transformation, the
phase-lock loop and so on. The AC power can be ob-
tained by measurement and dg/abc transformation and
the phase-lock loop is the same as that in the electro-
magnetic transient model.

4. Simulation Results

The electromagnetic transient model and electromechani-
cal transient model are established in PSCAD/EMTDC.
Take STP062-12/Sc poly-silicon for example, its
parameters are as follows: U = 174V, |, = 3.56 A,
U, =218V, I,=378 A P,= 62 W. In the
simulation model, we use 4 cells in series 3 cells in
parallel in a module, and 10 modules in series 6 modules
in parallel in an array, thus the maximum power of
photovoltaic array is 44.6 kW in the standard
environment. The MPPT control uses perturbation and
observation method.

For both models, the simulation time is 10 s and step is
50 us. When system simulation achieves a steady state,
raise the illumination intensity from 800 W/m? to 1500
W/m?, and observe the active power and some other
electrical quantities. The following are two conditions
according to different reactive power reference.

1) The reactive power reference is 0, which means the
power factor of the grid is 1.

It takes 13.5 s to finish the simulation for electromag-
netic model, while just 4.3 s for electromechanical model.
Figure 7 to Figure 12 show some curves when the reac-
tive power reference is 0. Figure 12 shows that the cur-
rent and the voltage has the same phase, which means
that the power factor of the grid is 1, meeting the control
goal. From Figure 7, Figure 9, Figure 10, we can see
that the photovoltaic power, the active and reactive pow-
er of the grid increase after the illumination density in-
creases. In addition, Figure 7 to Figure 11 show that the
simulations results of two models are almost the same,
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Figure 7. Active power of grid.
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Figure 8. Reactive power of grid.
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which means that the electromechanical transient model
is valid and reasonable.

2) The reactive power reference is 0.03 Mvar.

It takes 12.8 s to finish the simulation for electromag-
netic model, while just 4.1 s for electromechanical model.
The photovoltaic power, the active power of the grid and
the DC bus voltage of condition 2) are similar to condi-
tion 1). Figure 13 shows the reactive power of the grid,
and Figure 14 shows the current and voltage, between
which the phase is not the same but has an angle, mean-
ing that the grid power factor is not 1.

5. Conclusions

In this paper, a general electromechanical transient model
of grid-connected photovoltaic power generator is pro-
posed, and both electromagnetic and electromechanical
transient models are established in PSCAD. By compar-
ing simulation results of the grid active and reactive
power, the grid current, the photovoltaic power and the
DC hus voltage of two models, the correctness and validity
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of the electromechanical transient model is verified,
which provides reference model for simulation and mod-
eling of large scale grid-connected photovoltaic power
station.
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