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Dynamic Stability of Three-Phase Grid-Connected
Photovoltaic System using Zero Dynamic Design
Approach

M. A. Mahmud, Student Member, IEEE, H. R. Pota, and M. J. Hosddember, IEEE

Abstract—This paper presents a new approach to control the
grid current and dc link voltage to maximum power point
tracking (MPPT) and dynamic stability of a three-phase grid-
connected photovoltaic (PV) system. To control the grid cwent
and dc link voltage, zero dynamic design approach of feedb#&c
linearization is used which linearizes the system partiay} and
enables to design controller for reduced order photovoltai
systems. This paper also describes the zero dynamic stabyliof
three-phase grid-connected PV system which is a key requineent
for the implementation of such controller. Simulation resuts on
a large-scale grid-connected PV system show the effectivess of

of power (p) and the derivative of voltagel() need to be
measured to determine the movement of operating pointelf th
ratio of dp andduv is positive, the reference voltage is increased
by a certain amount and vice versa [5]. A similar approach is
followed for incremental conductance method by comparing
incremental conductance and instantaneous conductative of
PV arrays [6].

The importance of DC voltage control for a grid-connected
PV system can be found in [7]. In [7] a model prediction

based voltage controller is proposed to improve the rdifgbi
and lifetime of the inverter and to enhance performance @f th
MPPT through the reduction of DC link capacitance. Recently
an improved MPPT based on voltage-oriented control is pro-
posed in [8] by using a proportional-integral (PI) conteolin
the outer DC link voltage loop.

Current controllers are used to maintain stable operation o

Due to global concern on climate change and sustainablgyrid-connected PV system as they can regulate the cuarent t
electrical power supply, renewable energy is increasinglijliow the reference current. There are several technigqoies
getting popular in the developed countries. Among differegontrol the current such as Pl controller, hysteresis ofiety
sources of renewable energy, PV system is a promising enegg¥dictive controller, sliding mode controller, and so bn[9],
source in the recent years as PV installations are incrgdsie@  P| current control scheme is proposed to keep the output
to their environment friendly operation [1]. Grid-connedt current sinusoidal and to have fast dynamic responses under
PV system has gained popularity due to the feed-in-tariff amapidly changing atmospheric condition and to maintain the
the reduction of battery cost. However, the intermittent PMower factor at unity. The difficulty of using a Pl controller
generation varies with the change in atmospheric conditions to tune the gain with the change in atmospheric conditions
Maximum power point tacking (MPPT) techniques [2] arghe hysteresis controller as proposed in [10] has fast respo
used to deliver maximum power into the grid. Efficient andy varying switching frequency. The predictive controll&t]
advanced control schemes are essential to ensure maxims@rcomes the limitation of hysteresis controller as it has
power output of a PV system at different operating condgtionconstant switching frequency but the main problem asseiat

Implementation of proper controllers on a grid-connecteglith this controller is that it cannot properly match with
PV system maintain the stable operation under disturbangrg existing problems related to the change in environnhenta
like the change in atmospheric conditions, change in load dgctors.
mands, or an external fault within the system. This can b&don Grid-connected PV systems are highly nonlinear systems
by regulating the switching signal through the inverter,ifa where most of the nonlinearities occur due to the intermitye
proper controller is applied through the inverter of theteys  of the sunlight, the switching functions of the converters
then the desired performances will be obtained. A numbgnd inverters. The dynamic stability of a grid-connected PV
of techniques are available in the literature for desigrtimg system is analyzed in [12], [13] based on the eigenvalue
MPPT [3]. Perturb and observe (PO) [4], and incrementahalysis. In [12], [13], no controller is proposed to enhanc
conductance method are commonly used techniques in the stability of PV system. However, the controllers pragbs
area of photovoltaic systems. In the PO method, the der&vatin [8-12] are mainly designed based on the linearized motlel o
photovoltaic system which can provide satisfactory openat
for a predefined set of changes. To ensure the operationdf gri
connected photovoltaic systems over a wide range of operati
points, the design and implementation of a nonlinear cdietro
is important.

A sliding mode current controller for a three-phase grid-

the proposed control scheme in terms of delivering maximum
power into the grid.

Index Terms—Dynamic stability, grid-connected PV system,
maximum power point, zero dynamic controller
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connected PV system is proposed in [14], [15] along with a Il. PV SYSTEM MODEL

new MPPT technique to provide robust tracking against theThe schematic diagram of a three-phase grid-connected PV
uncertainties within the system. In [14], [15], the conteol system which is main focus of this paper is shown in Fig. 1.
is designed based on a time-varying sliding surface. Howevghe considered PV system consists of a PV array, a DC link
the selection of a time-varying surface is difficult withquior - capacitorC, a three-phase inverter, a filter inductbrand
knowledge of the system. connected to the grid with voltagg, es, e.. In this paper, the

Exact linearization which is a straightforward way to desigMain target is to control the voltage,. across the capacitor
nonlinear controllers, transforms a nonlinear system imtoC' @nd to make the input current in phase with grid voltage
fully linear system [16], [17] by canceling the inherent tion for unity power factor by means of appropriate control slgna
earities within the system. This linearization techniguinde- through the switches of the inverter. The mathematical rhode
pendent of the operating point. Exact feedback lineadpasf ©Of the system is presented in the next subsections.
grid-connected PV system is proposed in [18], [19] to enkanc
the dynamic stability. The control scheme proposed in [18)\ PV Cell and Array Modeling

[19] is independent of environmental changes. However, inpy cell is a simple p-n junction diode which converts the
these papers [18], [19], the input DC current to the invertg¢adiation into electricity. Fig. 2 shows an equivalentcait
is expressed in terms of the input and output power relatigiagram of a PV cell which consists of a light generated
of the inverter to make the system exactly linearizableewmtheyrrent sourcd,, a parallel diode, shunt resistan&;, and

than using the nonlinear switching functions. Moreoveg thseries resistanca,. In Fig. 2, Io is the diode current which
inverter is considered as ideal and the resistances witlen a1 pe written as:

lines connected to the grid are neglected in [18], [19] ared th

calculation of reference values for the linear controllare Ion = Iexp[a(vpy + Rsipv)] — 1] 1)

not discussed. But if the dynamics of the DC link capacitQhere o 9k = 1.3807 x 102 JK-! is the

are expressed in terms of switching function of the invertes ., mann’s c%kr?sctantq — 1.6022 x 10~'° C is the charge

more accurate results can be obtained. In this case, the gfflgjeciron, 7t is the cell's absolute working temperature in

connected photovoltaic system will be partially "”eadzeKelvin, A is the p-n junction ideality factor whose value is

rather than fully linearized. When the system is partia”%etweenl and5, I, is the saturation current, ang, is the

linearized, exact linearization is no more applicable. output voltage of PV array which in this case is the voltage
Zero dynamic design approach of feedback linearizati@¢rossC, i.e.,va.. Now, by applying Kirchhoff's Current Law

algebraically transforms nonlinear system dynamics into (KCL) in Fig. 1, the output currentif,) generated by PV cell

partly linear one which is a reduced order linear systef®n be written as,

independent of operating points. Finally, linear coneoltan iy = I, — I [exp [ (Upy + Rsipy)] — 1]

be designed for the reduced order system. Zero dynamic Vo + Raipe )

design approach also introduces the internal dynamicseof th - R

photovoltaic system which should be stable. Therefore, it ) sh ) )

is essential to ensure the stability of the internal dynamic 1he€ light generated curredi depends on the solar irradi-

before implementing zero dynamic design approach on a grfion which can be related by the following equation:

connected photovoltaic system. I, (Lse + ki (Te — Trey)] s 3)

1000

The aim of this paper is to design a new controller throquh

zero dynamic design approach to control the DC link VO”]% here,I,. is the short circuit currens, is the solar irradiation,

. . o . ; is the cell's short circuit current coefficient afftl. s is the
age and grid current using similar control algorithm. The . I
- oo . . reference temperature of the cell. The cell’'s saturatiamect
partial linearizability of grid-connected photovoltaigstems

are discussed along with the stability of internal dynamicé§ uV;::)erf [XVQI;h the temperature according to the following
of the systems. Finally, the stability of the system with thed '

proposed control scheme is investigated by considering the o= g Te 1° gk (1 1 )
environmental changes. < T RS T XD T,e Tc

The rest of the paper is organized as follows. The mathehere, E, is the band-gap energy of the semiconductor used
matical model of a three-phase grid-connected PV systeminsthe cell andlgs is the reverse saturation current of the cell
shown in Section Il. Section Ill presents the partial linear at reference temperature and solar irradiation.
ability of PV system to prove the suitability of the proposed Since the output voltage of PV cell is very low, a number
model for zero dynamic design approach. The controllef PV cells are connected together in series in order to
design for a three-phase grid-connected photovoltaiesys obtain higher voltages. A number of PV cells are put together
shown in Section IV and relation of MPPT with the proposednd encapsulated with glass, plastic, and other transparen
control scheme is shown in Section V. Section VI shows thmaterials to protect from harsh environment, to form a PV
simulation results with the proposed controller undered#ht module. To obtain the required voltage and power, a number
circumstances. Finally, the paper is concluded with futusd modules are connected in parallel to form a PV array. Fig. 3
trends and further recommendations in Section VII. shows an electrical equivalent circuit diagram of a PV array
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Fig. 1. Three-phase grid-connected PV system [15]
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L Tow R Vv where,K,, K, and K. are the input switching signals. Now,
by applying KCL at the node where DC link is connected, we
get

Upy = % (ipv — idc) (7
Fig. 2. Equivalent circuit diagram of PV cell [15] But the input current of the inverter;. can be written
as [15], [20]
N . . . .
Np N ° lde = ZaKa + szb + ZcKc (8)
P Y 14
. which yields
i, —— +
Upy = Fipy — & (1aKa + Ky + i K.) 9)

N N , The complete model of a three-phase grid-connected PV
NP’LCD ' ’ " can be presented by equation (6) and (9) which are nonlinear

S : and time variant. This time variant model can be converted
into time invariant model by applyindg transformation [15]
using the angular frequency of the grid, rotating reference
frame synchronized with grid where thiecomponent of the
grid voltageFE, is zero [15], [19]. By usinglq transformation,
equation (6) and (9) can be written as

Fig. 3. Equivalent circuit diagram of PV array [15]

whereN; is the number of cells in series ang, is the number

of modules in parallel. In this case, the the arigy can be . R E Vpy
written as Ig=——I;+wl, — —d + 2K,

L L L

v Rs' v - R E Upv

ipy = Nplp, — Npls |exp | Yp + ‘p -1 ly=—wlyg——1,— =4 LKQ (10)

Noo B (5) T

_ & Upv 4 % Vpy = Eipu — EIde — EIqKq

Rg, \Ns ' N,

Equation (10) represents the complete mathematical model

of the three-phase grid-connected PV system which is non-

B. Three-Phase Grid-Connected PV System Modeling linear due to the switching functions and diode current. In
For a control scheme to be effective for three-phase grigguation (10),K,; and K, are the control inputs and the

connected PV system, some details of the system is essengalput variables aré¢, andv,,. SinceEy = 0, the real power
The details of any system can best be described by the mattielivered to the grid can be written as
matical model. In state-space form, Fig. 1 can be repredente 3
by the following equations [19], [20]: Po= 5B, (11)



From the above equation, it is clear that by controllijghe the states related to the remaining- (r1 + r2) order. The
active powerP can be controlled. dynamics ofz is called the internal dynamics whose stability
need to be ensured before designing the linear controlter fo
I1l. PARTIAL FEEDBACK LINEARIZATION AND PARTIAL the following partially linearized system.
LINEARIZABILITY OF PV SYSTEM

The mathematical model of three-phase grid-connected PV = Az + Bv (18)
system can be expressed as the following form of multi-input

multi-output (MIMO) nonlinear system: Now, the partial linearizability of the PV system represeht

in the form (12) can be obtained by calculating relative degr

&= f(x) + g1(x)ur + ga(x)uz corresponding to the output functions. The relative degree
Y1 = hl(a:) (12) corresponding td; (z) = I, can be calculated as
- (Y 0l
ha(z) Lghy(z) = LgL} lhl(x) = %Kq (19)
where . . .
= [Id I » U}T wherer; = 1. Similarly, the relative degree corresponding to
¢ ha(z) = v,, can be calculated as follows:
1
o) “platel - Loh(w) = =5 (IaKa + IgKy) # 0 (20)
x) = —wlg — F1; — F*
¢ iz’ @ L which indicatess = 1. Therefore;r; + ro = 2 which means
) S that (r; +r2) < n asn = 3. Therefore, the system is partially
I UO linearized and exact linearizing controller is not possifur
glx)y=10 " such system. In this case, the only way to implement feedback
—% -2 linearizing control is to implement the zero dynamic design
T approach provided that the zero dynamic of the system is
u=[Kq K stable which is shown in the following section.
and T IV. CONTROLLERDESIGN
Y= [I vpv]

This section presents the controller deS|gn algorithm for a
2=l thl,_,Lfl Uy hy thQ._.L;z o)™ (13) de5|gr_1 approach as the system is partially I_mearlzed The
' following steps needs to be followed to obtain the control
where, Lyhy(z) = i f(z) and Lyhy(x) = %2 f(x) are law through zero dynamic design approach:
the Lie derivative [16] ofh;(x) and he(x) along f(z), re-
spectively. The above transformation transforms the neali Step 1: Nonlinear coordinate transformation and
system (12) with state vectar into a linear dynamic system formulation of partial linear system from state z to

with state vector, described as z
S — A+ Bo (14) A nonlinear coordinate transformation can be written as:
provided that the following conditions B Z = o) (21)
where,¢ is the function ofr. For a three-phase grid-connected
Ly, L¥hi(z) =0 photovoltaic system, we choose
wd (15) L~
Lg, Ljhi(x) =0 z1=¢1(x) = hi(z) = I, (22)
where;j =1, 2,k <r; —1 and and
Ly Ly hi(x) # 0 16 % = ¢a(x) = ha(w) = vp (23)
ngL;ﬁlhi(x) #0 Using the above transformation, the partially linearized
are satisfied and = r; + o wherer, andr, are the relative system can be obtained as follows:
degree [16] of the system corresponding to output function ~ Ohi(x) .
hi(z) andhs (z), respectively. If these conditions are satisfied”' ~ gz Lyt (@) + Loy (@)ur + Loy hu (w)uz (24)
the linear controller can be design for the linearized syste~ _ Ohy(x) .
(14) by using any linear controller design technique. 27 T U7 Lyha(w) + Loy ha(@)ur + Lo, ha(@)us

When(r; +72) < n, then we can do only partial lineariza- For the photovoltaic system considered in this research,
tion and this case, the transformed statesan be written as equation (24) can be rewritten as:

z=¢()=[F 27 17) Ly | Vo

* R

Z= —wlg—=I,— —+—K,

- . . . L L L (25)
where,z represents the states obtained from nonlinear coordi- N 1

nate transformation up to the order + r, and 2 represents Zy = ok 5~’de - 5IqKq



The above system can be written as the following linearizedFor z; = z2 = 0, equation (32) can be simplified as:

form:
R E
o b3 = LIy —=I;+wl, — =2 (33)
zZ1 = 1 L L
N (26)
Z2 = U2 Sincel, = z; = 0 andEy = 0, equation (33) can be written
wherewv; andwvs are the linear control inputs expressed as as:
E v 2 = —RIQ 34
ne el phe K o -
1 1 1 (27) Substituting the value of? from (31) into (34), it can be
vy = Ez‘pv - 6IUIKUI - EIqKq written as:
and which can be obtained by using a linear control techsique 9 c
for the system (26). But before designing and implementing Z4=—-R (—23 T —25) (35)
controller through zero dynamic design approach, it is L L

essential to check the stability of zero dynamics which is Again, if we usez; = 2z, = 0, equation (35) can be written

presented in the next step. as

. - . . 2R,
Step 2: Zero dynamic stability of Grid-Connected PV =i (36)
system

In the previous step, the third-order PV system is tran5auation (36) is the zero dynamic equation of the three-
formed into a second order system which represents the Bk@se grid-connected photovoltaic system which is stable.
ternal dynamics of the system. These external dynamics ndatgrefore, zero dynamic design approach can be implemented

both stability and good performance which can be obtain&y three-phase grid-(_:onne_cted photovoltai_c_system.ctteiar )
that the zero dynamic design approach divides the dynamics

through the designed controller. To do this, the control la . , ; X
needs to be chosen in such a way that of a nonlinear system into two parts: one is external dynamic
which needs both stability and good performance; and the

lim h;(z) =0 other is internal dynamics which needs stability only. The
fmroo derivation of the proposed control law is shown in the
which implies[z; z9--- 2.7 = 0[16]. For the PV system following steps.
considered in this work, this means that= 25 = 0 which
indicates Step 3: Derivation of Control Law for a Grid-Connected
ks PV system
A= 0 (28) Using equation (25) and (26), the control law can be
Zo= 0 obtained as follows:
Th_e remaining first (_)rder system needs to I_Je (je_termined_}gd _ L <'Ul twl,+ qu 4 ﬂ)
obtain the zero dynamics of the system for which it is esaénti Upy L L (37)
to find out the rest state. Let, the remaining stat&is= ¢(x). C ipy Ll R E,
: ; ; ; =—— |vg+ —= — v +wlg+ =1, + —
This needs to be selected in such a way that it must sa'us@q 1, { 20T Cupe ( 1 a7 pha T ﬂ

the following conditions [21]:
g [21] Equation (37) is the final control law for a grid connected

) photovoltaic system. At this point, the only thing which
Lo, ¢(x) = needs to be designed is the new linear control inpund
Lg,0(x) = vo by using any linear controller design technique. In this
paper, proportional-integral (PI) controllers are usedréek
For a three-phase grid-connected PV system, equation (483 reference outputg,,..; and v,,,..;. Following two Pl
will be satisfied if we chose controllers are considered to track the output,

1 1 1

0 (29)
0

t
By usingz;, = I, andz, = v, equation (30) can be written ' ~ Fap(gres = Iy) + k”/o (Tgres = Iq)dt

as: t (38)
V2 = k2p(“pvref - Upv) + in/ (Up'uref - ’Upv)dt
0
I3 = 2;33 T gzg (31) Here, the gains need to be selected in such a way that the
L L output follows the reference current to minimize the erhor.
Thus, the remaining dynamics of the system can be obtainéis paper, the gains are considered as follows:

as follows:

Zy = Lfé(a:) =Llgfi + Lzi1fa+ Czaf3 (32) kip = 2Igrey,  kui =1,

qref
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Fig. 4. Control block diagram.
and Condition 1: At MPP
ka - 2vpm“efa k2i - v;%vref A’LPU — _Zpl
Avp, Vpy

In this case, the gains of the PI controllers depend on the

reference values of voltage and current. These refererices/a Condition 2: At left of MPP

are calculated from MPPT as shown in the next section. Thus, Aipy > iy

the gain of PI controllers will be updated automaticallytwit Avp, Upu

the change in atmospheric conditions. Condition 3: At right of MPP
V. MPPT ALGORITHM Dipy __py

. . . A v v
MPPT technique adjust the PV array voltage in order v U

to extract available maximum power under any atmospheric!f @ PV system satisfies condition 1, the voltagg, is
changes. MPPT uses,, and i,, to detect the slope and ascertained at MPP voltage and fixed at this voltage until the

generate®, ; to track the maximum power [15]. In this paperMPPT encounters a change due to the change in atmospheric

incremental conductance method as presented in [19] is u§&@ditions. If the atmospheric conditions change in such a

to obtain the maximum power. At maximum power point, Way that the PV system holds condition 2, then it is essential
AP to increase the reference voltage to achieve MPPT and the
pv

=0 (39) opposite phenomena is true for condition 3.
dvpy At MPP, the reference output power generated by PV system
where,P,, = v,,ip, and if we use this relation, then from (35)is
Aipv — _iﬂ (40) Pref = ’Upvip'u (41)
Avpy Upo

_ _ Since P,..5 is the maximum power which supplied to grid,
Here, ﬁf}z is the incremental conductance, aé% is the therefore,

instantaneous conductance. Maximum power point (MPP) can

be obtained by considering the following conditions: Prep =P = 5Eqlgres

(42)



which implies that 50

2 Py
1 ref — 5 =
qref 3 Eq (43) 40 7 |
Sincevpyref = Vdcret, thus,
Pref
cref — 44
Udere f i ( ) 30| |

The reference values obtained in equation (39) and (40)
are used for the reference values of linear controllers. The
performances of the proposed controller are evaluateden th
following section.

[\
(=]

VI. SIMULATION RESULTS

To simulate the performance of the grid-connected PV
system with zero dynamic controller, a PV array consists
of 20 strings, characterized by a rated current2d§735 A, ‘ ‘
are connected in parallel. Each string is subdivided &fio 00 1 2 3
modules, characterized by a rated voltage46f5 V and Time (s)
connected in series. Thus, the total output voltage of the PV
array is870 V and output current i$7.47 A. The value of Fig 5 output DC power of PV Unit at standard atmosphericditim.
DC link capacitor is400 uF. The line resistance is considered
as0.1 © and the inductance g0 mH. The grid voltage is 440
V and frequency is 50 Hz. 600

The block diagram representation of the zero dynamic
design approach is shown in Fig. 4. From Fig. 4 it is shown
that the three-phase grid voltages and currents are trans-
formed into direct and quadrature axis components through
abc — dq0 transformation which is done to match with the
proposed modeling presented in Section Il. The controller
is the combination of linear controller and zero dynamic
controller. Finally, the control inputs are again transfed
into three-phase components usidg) — abc transformation
to implement them through the inverter switches. To make the
input signals suitable for switches a PWM is used. All the
simulations are done in the widely used PSCAD environment.

In this case, the system is simulated at standard atmospheri
condition where the value of solar irradiation is consideas
1 kWm~2 and the temperature 298 K. At this condition, —600
the output power of PV unit which is shown in Fig. 5 where 111 il : ‘12 . i3 ’ ‘14
there is some fluctuation due to the nonlinear charactesisti ' ’ .Time (é) ’
of PV system. The main purpose of the control action is to
extract50 kW power from the PV unit through MPPT andrig. 6. \oltage (solid line) and current (dotted line) of phaA at standard
supply this power to the grid. This can be done by regulatirgerating condition.
the inverter switches through the proper control schemenwhe
the system is operated at unity power factor. Therefore, to
evaluate the performance of the controller, it is essential module of a series string is shaded patrtially, then its dutpu
analyze the grid voltage and current. The grid voltage dsolcurrent will be reduced which will dicate the operating goin
line) and current (dotted line) of phase A are shown in Fig. & whole string. Fig. 7 shows the performances of the progpose
from 1.1 s to 1.15 s with the proposed control scheme. Frararo dynamic controller with the change in atmospheric con-
Fig. 6, it is seen that the voltage and current are in phagitions. From Fig. 7, it is seen that the PV system operates at
which ensure the operation of grid-connected PV system siindard atmospheric conditions from 1.05 s to 1.15 s. But th
unity power factor. irradiance changes frot000 Wm=2 to 700 Wm~—2 at 1.15 s

In a practical PV system, the atmospheric condition changasd the weather remains cloudy, i.e., the PV system is shaded
continuously for which there exists variations in cell wioik until 1.25 s. At this stage, the amount of power delivered to
temperature as well as in solar irradiance. Due to the chizmgehe grid will be changed and MPPT will select a different
atmospheric condition, the output voltage, current, andggo MPP but the grid voltage will be the same. The change in
of PV unit changes significantly. For example, if a singlgrid current is also shown in Fig. 7. After 1.25 s the grid

Output power (kW) of PV unit

—
o

400

200

—200

Voltage (V) and Current (A)
o

—400




80 results, it is clear that the controller performs better emd

60 varying atmospheric conditions. Future work will deal with
the extension of the proposed method by considering some
40 mismatches within the PV model and implement on a large

interconnected system.
20
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