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Abstract— In this paper, an optimal control scheme for 
single-phase grid-connected photovoltaic inverter is 
proposed. Besides a nonlinear mathematical model of the 
inverter in the DQ rotating coordinate is constructed.  In 
addition, the designed controller has weaker dependence on 
the parameters of the system by selecting the appropriate 
performance control matrix. The simulation works show 
that this method can achieve zero steady-state error, has a 
good dynamic and static response, and it ensures that the 
system is robust in the case of parameters variations and 
fluctuations. 
 
Index Terms —  Photovoltaic, Grid Connected, Optimal 
Method, Nonlinear Control 
 

I. INTRODUCTION 

There are more and more energy consumption along 
with the development of the current economic and society. 
However the rapid development has formed a very 
prominent contradiction with the deteriorating 
environment and the gradual depletion of fossil fuel, 
research and utilization of clean and renewable energy 
has become an inevitable trend and received more and 
more attention around the world [1]. Grid connected 
photovoltaic power generation is the most important use 
of solar energy in the form, so it becomes a big hot issue 
of the current industry and academic in domestic and 
international. Common single-phase grid-connected 
photovoltaic system is shown in Figure 1. The system is 
mainly composed by boost chopper circuit and 
single-phase inverter circuit. Wherein on one hand, the 
boost chopper circuit ensures the voltage of photovoltaic 
panels to rise to the desired single-phase inverter DC bus 
voltage, on the other hand, it ensure the MPPT operation 
of photovoltaic modules, and the literature [2-5] have 

made a lot of studies , then this paper is not necessary to 
focus on the content.  

In order to obtain the net output current which has 
high quality and controllable power factor angle, a 
number of control methods have been proposed, such as 
proportional-integral control, hysteresis control, 
proportional resonant control, repetitive control, slide 
mode control and so on. Using the conventional PI 
control loop to implement grid-connected controlling is 
simple structure with good stability and easy to adjust the 
control parameters, but the current need track grid voltage 
dynamically. It is difficult to eliminate steady error and 
mediate PI parameters, so the overall effect is poor [6]. In 
[7], it points out that although the algorithm of hysteresis 
control is simple, easy to implement and has fast dynamic 
response characteristics, and the hysteresis width has a 
great impact on the switching frequency, power loss and 
control accuracy. The smaller the ring width, the higher 
precision of the control method, but it will lead increasing 
switching frequency and the loss, while hysteresis control 
can also make the switching frequency fluctuations. In [8], 
the ratio of the resonant control can eliminate the steady 
state error in the signal tracking process and it can also be 
used to eliminate a lot of times and network harmonics, 
but it cannot compensate for the phase angle and has a 
strong dependence on the parameter accuracy, and the 
gain in the non-fundamental frequency becomes very 
small. When the grid frequency fluctuates, harmonic 
suppression is poor and it is not easy to be implemented 
in engineering. Because of the non-linear characteristics 
of the inverter, the proposed methods in [6-10] are 
difficult to achieve perfect dynamic and static 
characteristics by linear approximation to design a 
controller [11]. Therefore, it is necessary to research the 
nonlinear control methods to control the photovoltaic 
inverter system to achieve better static and dynamic 
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characteristics. Synovial control as a nonlinear control in 
the photovoltaic inverter control has been widely used. 
Despite the synovial control has a wide stability margin, 
and the system has good dynamic response and strong 
robustness, there are shocks and steady-state error issues 
[12]. The repetitive control when applied to the 
photovoltaic inverter control system having a larger 
amplitude-frequency gain due to endometrial role in the 
rated frequency can be realized without static differential 
compensation, but the presence of the phase angle 
hysteresis problem and the poor dynamic response are 
pointed out in [13]. And new PI parallel improved 
method for repetitive control is proposed, but the 
improvement is limited and the research is conducted on 
off-grid inverter. In [14], it designs a nonlinear controller 
based on Lyapunov function, and it proves that it has 
global stability, good dynamic and static characteristics, 
but its computational complexity and difficult to 
implement. Using the optimal control method in 

switching power converter achieves a stable operation in 
a wide range when the system operates in a large 
fluctuation range and the controller has a strong follower 
performance, and it also improve the system dynamic 
performance significantly [15-16]. The optimal control of 
nonlinear systems generally look for objective functional 
performance indicators and obtain the minimum value of 
the objective function along all possible trajectories of the 
system, so this problem is usually considered to resolve 
partial differential equations for the 
Hamilton-Jacobi-Bellman, but solving 
Hamilton-Jacobi-Bellman is very difficult in most cases. 
However, it is not need to design the objective function 
by introducing a suitable Lyapunov control function to 
obtain the minimal value before designing the controller. 
On the contrary, it only needs the value of introduced 
objective function minimum. Therefore it overcomes the 
difficultly of solving Hamilton-Jacobi-Bellman of the 
optimal control method [17]. 
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Fig 1 the Schematic of the Single-phase PV grid-connected 

In this paper, the discrete optimal control method 
based on rotating coordinate for single-phase 
photovoltaic grid-connected control is proposed. On one 
hand, the construction of the nonlinear model for the 
single-phase grid-connected photovoltaic inverter realizes 
the control of the active and reactive power 
independently and this is also suitable for microprocessor 
digital implementation. On the other hand, simulation 
works indicate that the optimal control method ensures 
the strong robustness of the system in the case of 
parameter variations and fluctuations. 

II.  THE CONSTRUCTION OF ROTATION NONLINEAR 
MODEL FOR THE PV GRID-CONNECTED INVERTER 

In the system analysis and controller design process 
of the three-phase converter, DQ rotating coordinate 
transformation which makes time-varying state variables 
becoming DC variables[18] is of great importance and 
commonly used. DQ transformation cannot be directly 
used for the single-phase converter owing to it requiring 
at least two orthogonal phase. In order to construct a 
single-phase converter orthogonal coordinate system, a 
virtual signal on the basis of the original signal is 
constructed to simulate the two-phase orthogonal signals 
to generate the DQ rotating coordinate system. The 

current building process illustrates the process of 
constructing orthogonal coordinate. 

Assuming the actual steady-state current is 
sin( )R mI I tω θ= + ，            (2.1) 

where RI is actual steady-state current,
 mI is the peak 

value of the sinusoidal current, ω is frequency and θ is 
initial phase of sinusoidal current. Ideally, the virtual 
orthogonal current is 

cos( )I mI I tω θ= + ，            (2.2) 
where II is virtual steady-state current. 

The two-phase rotation coordinate system can be 
obtained in respect to the two-phase stationary coordinate 
system by using the transformation matrix of the formula 
(2.3). 

sin( ) cos( )
.

cos( ) sin( )
t t

T
t t

ω ω
ω ω

⎡ ⎤
= ⎢ ⎥−⎣ ⎦

         (2.3) 

The current variable in DQ rotating coordinate 
system can be expressed as 

cos
.

sin
D R

m
Q I

I I
T I

I I
θ
θ

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
= =⎢ ⎥ ⎢ ⎥ ⎢ ⎥

⎣ ⎦⎣ ⎦⎣ ⎦
        (2.4) 

From (2.4), the AC variables after coordinate 
transformation become constants to simplify the analysis 
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and design of a controller. 
The mathematical model of the typical single-phase 

photovoltaic grid-connected inverter in Fig1 based on the 
DQ rotating coordinate system is expressed as formula 
(2.5). 
where 

dgrid
grid

qgrid

u
u

u
⎡ ⎤

= ⎢ ⎥
⎣ ⎦

, dgc
gc

qgc

i
i

i
⎡ ⎤

= ⎢ ⎥
⎣ ⎦

, d

q

u
u

u
⎡ ⎤

= ⎢ ⎥
⎣ ⎦

,
1
0

A ⎡ ⎤
= ⎢ ⎥
⎣ ⎦

,

1 0
0 1PM ⎡ ⎤

= ⎢ ⎥
⎣ ⎦

. 

and dcV is the dc bus voltage, C is the dc link capacitor,
 

gL is the inductance,
 

gR is the resistance of the 
inductance, dgridu , qgridu are the voltage of the grid in the 
d and qaxes respectively, dgci , qgci are the current in the 
d  and q axes respectively, du , qu are the duty in the 
d and qaxes respectively,

 
τ is the sample time. 

III. SYSTEM ANALYSIS AND OPTIMAL CONTROLLER 
DESIGN 

3.1 System Analysis 
Inverter output current is the control object of 

Single-phase photovoltaic grid-connected inverter. It is 
hoped that the inverter can feed energy to the grid with 
unity power factor power or compensate the reactive 
power in rated power factor by controlling. In this paper, 
energy fed to the grid with unity power factor. Based on 
this, the controller objectives can be converted to the 
controlling of the DC bus voltage and reactive power 
feeding to the grid. 

Reactive power can be determined [19] by the 
formula (3.1). 

2 2( ) ( )
( )=u ( ) ( ) ( )

( )
pv pvT

gc grid gc
grid

V k I k
Q k k i k

u k
− ，

 
(3.1) 

where ( )gridu k , ( )gci k are the grid voltage and current, 

( )pvV k , ( )pvI k are the voltage and current of the 
photovoltaic panel. 

The static stable value of the reactive power can be 
determined [20] by formula (3.2). 

2( )
( )= 1- ,

ss
gcss

gc ss
ss

P k
Q k f

f                  
(3.2) 

where ( )ss
gcP k is active power, ssf is power factor, ( )ss

gcQ k
is reactive power. 

Thereby, the tracking error of the state variables can 
be obtained by formula (3.3). 

( )= ( )- ( )

( )= ( )- ( )
dc

gc

ss
V dc dc

ss
Q gc gc

e k V k V k

e k Q k Q k

⎧⎪
⎨
⎪⎩

，              (3.3) 

where dcV is real-time state of the dc bus voltage, ss
dcV is 

steady-state of the dc bus voltage, 
dcVe is difference of the 

dc bus voltage,
 

gcQ is real-time state of reactive power,
 

ss
gcQ is steady-state of the reactive power, 

gcQe is 
difference of the reactive power. 

Combining (3.1) - (3.3) with (2.5), the result is 
formula (3.4). 

From (3.4), the current and DC bus voltage of 
steady-state operation can be obtained. 

3.2 Optimal Controller Design 
Once the optimal control applied to the system, it 

will bring significant results. Therefore, optimal control 
has been widely used in various fields. 

Changing of state variables can reflect the effect of 
control, it is necessary to select the appropriate state 
variables as the control target. Combined with the system 
analysis in 3.1, the defined herein DC bus voltage and the 
current state of the target amount the synthesis of a new 
vector: ( )=[ ( ) ( ) ( )]T

dc dgc qgcx k V k i k i k ,  its 
corresponding steady state vector is: 

( )=[ ( ) ( ) ( )]ss ss ss ss T
dc dgrid qgridx k V k i k i k .   

                                                                                                                                                                                         

rid
1( 1) ( ) ( ) ( )]

( )
( )( ) ( )

( 1) ( ) ( ) 2 ( ) ]

T
dc dc g P gc

dc

g griddc dc
gc gc gc

g g g g

V k V k u k M i k
CV k

R u kV k V k
i k i k A i k u k

L L L L

τ

τ

⎧ + = +⎪
⎪
⎨
⎪ + = + − + −
⎪⎩

[

，

[-           

(2.5) 

2 2 2

( ) ( ) ( )- ( +1)=0
( )

,
( ) ( ) ( ) ( )

u ( ) ( ) ( ) - 1- =0
( )

ss T ss ss
dc grid P gc dcss

dc

T ss
pv pv grid P gcT ss

grid gc ss
grid ss

V k u k M i k V k
CV k

V k I k u k M i k
k i k f

u k f

τ⎧ +⎪
⎪
⎨
⎪ −⎪
⎩

                           

(3.4)

 

Thereby, the tracking error of the target can be 
expressed 

( )= ( )- ( )
.

( +1)= ( +1)- ( +1)

ss
x

ss
x

e k x k x k

e k x k x k

⎧⎪
⎨
⎪⎩

            (3.5) 

In order to simplify representation of the system, 

using the synthetic vector to represent the definition of 
the formula (2.5), and the state variables can be expressed 
as 

( +1)= (x( ))+ (x( )) ( )+ ( ),x k f k g k u k h k     (3.6) 
where 
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0
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- grid

g

u kh k
L

τ
⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

.   

Combing (3.5) with (3.6) can get a new formula 
(3.7). 

In order to improve control accuracy and 
effectiveness, the control variables are composed by 
steady-state variable and dynamic variable. Thereby, it is 
assumed that the formula (3.8) is established. 

Substituting equation (3.8) into equation (3.7), then 
* *

x x( +1)= ( ( ))+ ( ( )) ( )xe k f e k g e k u k         (3.9) 
Since formula (3.9) is a typical nonlinear discrete 

affine system, the control method for nonlinear discrete 
affine system now can be used to design the controller. 

Now, assume * ( )= ( )+ ( )ss dvu k u k u k . In order to obtain 
and simplify the control goal, substitute it into the 
formula (3.7) and formula (3.8), then formula (3.10) can 
be obtained. 
    Now, the stead-state control variable can be got by 
formula (3.11). 

Formula (3.9) can be expressed as follows 
*

x x( +1)= ( ( ))+ ( ( )) ( ).x dve k f e k g e k u k         (3.12) 
By the formula (3.12) it is clearly seen that the 

control model of the system is a non-linear discrete affine 
model. Therefore, with nonlinear discrete emission 
system control method, the meaningful cost functional is 
defined as [20] 

=
( ( ))= ( ( ( )+ ( ) ( ( )) ( )),T

x x dv x dv
n k

V e k l e n u n R e n u n
∞

∑ (3.13) 

where l is a positive semi-definite function with the same 
dimension of ( )x k  , R is a real symmetric positive 
definite weighting matrix with the same dimension of

( )dvu k  .Then, the mathematical deformation of formula 
(3.13) can be expressed as formula (3.14). 

If (0) 0V = , then ( ( ))xV e k  becomes a Lyapunov 
function. It can be expressed as formula (3.15). 

So,The derivation of formula (3.14) can obtain 
( ( +1))

2 ( ( )) ( )+ =0.
( )

x
dv

dv

V e k
R x k u k

u k
∂
∂          

(3.16) 

Combining with formula (3.12), ( )dvu k can be 
expressed as formula (3.17). 

For formula (3.17), it is difficult to solve 
Hamilton-Jacobi-Bellman. Therefore, based on the 
optimal control theory and References [21] a Lyapunov 
control function is constructed. 

x x
1( ( ))= ( ) ( ),
2

T
xV e k e k Pe k

         
(3.18) 

where P is a real symmetric positive definite weighting 
matrix. 

Now, the result of formula(3.17)can be expressed  

                                                                                                                                                                                           

x x( +1)= ( ( ))+ (x ( ))+ ( ( )+x ( )) ( )+ ( )- ( +1).ss ss ss
xe k f e k f k g e k k u k h k x k

                     

(3.7) 
* *

x x( ( )) ( )= (x ( ))+ ( ( )+x ( )) ( )+ ( )- ( +1).ss ss ssg e k u k f k g e k k u k h k x k
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x
*
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(3.10) 
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-1 * ( ( +1))1  ( )=- ( ( )) ( ( )) .
2 ( +1)

T x
dv x x

x

V e k
u k R e k g e k

e k
∂
∂

                                           
(3.17)

-1 * * 1 *1 1( )=- ( ( ( ))) ( + ( ( )) ( ( )) ( ( )))  ( ( )) ( ( )).
2 2

T T

dv x x x x x xu k R e k I R e k g e k Pg e k g e k Pf e k−

                       
(3.19)

as formula (3.19).  

IV. SIMULATION WORKS 

In order to verify the characteristics of the designed 
controller, the controlling system will be simulated in 

MATLAB. From the design results of the optimal 
controller, only P is unknown. This paper takes an 
empirical value by  a large number of experimental 
verification, and it must be a positive semi-definite 
weighting matrix in order to meet the stability of the 

JOURNAL OF COMPUTERS, VOL. 9, NO. 2, FEBRUARY 2014 383

© 2014 ACADEMY PUBLISHER



controller. 
In this paper, we set the dc bus voltage dcV is 40V

and the RMS voltage of the grid is 22V which are ten 
percentage of the nominal voltage of 220 V  power 
system. To illustrate the wide stability margin of the 
controller and less demanding on system parameters 
characteristic, four simulates are given. The first 
simulation parameters of the system are: dc link capacitor 
C is 4700 Fμ , the inductance gL is 1 mH , the resistance 
of the inductance gR is 0.47 Ω , and the switching 
frequency is 50 KHz . 

 
(a)The Response Curve of 

 DC bus voltage 

 
(b)The Response Curve of 

d axis current 

 
(c)The Response Curve of 

q axis current 

 

Fig 2 Variable response curves of the system  
in first simulation parameters 

Dynamic tracking of the DC bus voltage response 
curve is shown in figure 2(a). Wherein the red means the 
dynamic tracking state values, and blue indicates its 
reference value. Since there is no load in the system, so 
its d axis reference current is set to 0, In order to ensure 
the unity power factor, the q  axis current reference 
value is also set to 0 apparently. Thus, the dynamic 
current tracking response curve of d axis and q axis are 
shown in figure 2(b) and figure 2(c) ,Similarly. 

In order to verify the impact of inductance parameter 
changing on the controller, the second simulation 
parameters are set as: dc link capacitor C is 4700 Fμ , 
the inductance gL is 2 mH , the resistance of the 
inductance gR is 0.6Ω , and the switching frequency is 
50 KHz . 

Similarly, Dynamic tracking of the DC bus voltage 
response curve and the dynamic current tracking response 
curve of d axis and qaxis are shown in figure 3(a), 3(b) 
and 3(c). 

 
(a)The Response Curve of 

  DC bus voltage 

 
(b)The Response Curve of 

d axis current 
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(c)The Response Curve of 

q axis current 

Fig 3 Variable response curves of the system in inductor 
parameter changing  

In order to verify the impact of capacitor parameter 
changing on the controller, the third simulation 
parameters are set as: dc link capacitor C is 6800 Fμ , 
the inductance gL is 1 mH , the resistance of the 
inductance gR is 0.47Ω , and the switching frequency is 
50 KHz . 

 
(a)The Response Curve of 

  DC bus voltage 

 
(b) The Response Curve of 

d axis current 

 
(c)The Response Curve of 

q axis current 

Fig 4 Variable response curves of the system in capacitor 
parameter changing 

Similarly, Dynamic tracking of the DC bus voltage 
response curve and the dynamic current tracking response 
curve of d axis and qaxis are shown in figure 4(a), 4(b) 
and 4(c). 

In order to verify the impact of synthesized 
parameters changing on the controller, the fourth 
simulation parameters are set as: dc link capacitor C is 
6800 Fμ , the inductance gL is 2.2 mH , the resistance of 
the inductance gR is 0.3Ω , and the switching frequency 
is 40 KHz . 

Similarly, Dynamic tracking of the DC bus voltage 
response curve and the dynamic current tracking response 
curve of d axis and qaxis are shown in figure 5(a), 5(b) 
and 5(c). 

 
(a)The Response Curve of 
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(b) The Response Curve of 

d axis current 

 
(c)The Response Curve of 

q axis current 

Fig 5 Variable response curves of the system in synthesized 
parameters changing 

As can be seen from figure 2, figure 3, figure4 and 
figure 5, the controller can eliminate static error and has a 
good dynamic response. Comparing figure 2 with figure 
3, it confirms that the controller has strong robustness to 
the changing parameter. Similarly, figure 4 and figure 5 
also prove this problem. In summary, the controller has 
less weak dependence on the system parameters and it 
has strong robustness. 

V. CONCLUSION 

Against the problems of existing grid-connected 
photovoltaic inverter control methods, in this paper we 
have proposed an optimal control method which is 
effective to eliminate static error of the system and has a 
good dynamic response. In addition, the nonlinear model 
of the single-phase grid-connected photovoltaic inverter 
was also constructed based on the rotating coordinate 
system which implements the active and reactive power 
decoupling. Using the optimal control method can avoid 
low performance of the traditional linear and nonlinear 
methods. Simulation results show that the controller is 
good at eliminating static error and has better dynamic 
and static characteristics, and it has stronger robustness to 
the parameters changing of the system. 
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