ICIC Express Letters ICIC International (©2017 ISSN 1881-803X
Volume 11, Number 10, October 2017 pp. 1555-1561

ADAPTIVE COMMAND-FILTERED BACKSTEPPING CONTROL
FOR PHOTOVOLTAIC GRID-CONNECTED INVERTER

GANG WANG, WENXU YAN, DEzZHI XU, XIAOQI SONG AND YUJIN HONG

Institute of Electrical Engineering and Intelligent Equipment
School of Internet of Tings Engineering
Jiangnan University
No. 1800, Lihu Ave., Wuxi 214122, P. R. China
lutxdz@126.com

Received April 2017; accepted July 2017

ABSTRACT. This paper proposes a nonlinear control strategy to adjust the DC link voltage
and the current to control the amount of injected power into the grid. The controller
s projected using an adaptive backstepping technique in consideration of the uncertain
part and the external disturbance of actual application of the system. In order to solve
the problems of differential expansion and the control saturation, a command filter is
employed to eliminate the impact of time derivative and control saturation. The overall
stability of the whole system is analyzed based on the Lyapunov functions. Simulation
results indicate good dynamic and static performance and strong robustness with the
proposed controller.
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1. Introduction. Renewable energy Sources (RESs), especially wind and solar, for sev-
eral reasons, are compared with traditional energy sources, in recent years to obtain more
power generation opportunities. In addition, power generation from photovoltaic systems
is supported by governments and many industries, primarily to encourage the reduction
of carbon emissions and environmental pollution. Although the photovoltaic system can
be installed in two ways: stand-alone and grid-connected, about 98 percent of the photo-
voltaic systems are built in grid-connected system [1].

Some examples of nonlinear controllers for photovoltaic grid-connected system include
model predictive controller [2], sliding-mode controllers [3], and feedback linearizing con-
trollers [4]. A nonlinear backstepping controller is designed in [5] which overcomes some
limitations of feedback linearizing controller by considering all nonlinearities of the sys-
tem. However, the traditional backstepping requires that exact information of the model
is obtained and the parameter uncertainties are not taken into consideration [6].

In order to ensure the stability of most control systems with nonlinearities and param-
eter uncertainties, adaptive backstepping approach has been investigated, which has been
proved to be effective to achieve the satisfactory control performance [7]. However, it is
not perfect because of the derivative of the virtual control and the control saturation prob-
lem. At present, there are many methods to solve the above-mentioned defects such as
dynamic surface control [8] and command-filtered method [9], and among them command-
filtered backstepping is a more effective way compared to dynamic surface control [10].
And among them command-filtered backstepping is a more effective method compared
with dynamic surface control. Dynamic surface control uses the filter to solve the differen-
tial expansion problem. However, the command-filtered backstepping controller can solve
the problem of differential expansion, and it can also achieve the asymptotic tracking of
the closed-loop signal owing to the filter compensation.
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In this paper, a command-filtered adaptive backstepping control for photovoltaic grid-
connected inverter is designed to control the DC link voltage and the injection of active
and reactive power. At the same time, Lyapunov stability theory is used to prove that
the control system can be maintained asymptotically stable.

2. Grid-Connected Photovoltaic Inverter Model. Figure 1 represents a topical
three-phase grid-connected PV inverter system, which includes a PV array, a DC link
filter capacitor C', a three-phase inverter, an output filter inductor L, and a three-phase
grid.
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F1GURE 1. Three-phase grid-connected PV inverter system

In the original three-phase abc frame, the dynamic model of the grid-connected inverter
system can be represented through the following functions [2]:

dig . Vge

Lt =—Ria—eat —5’ (25, — Sy — S.)
di . Vge

Ld_tb = —RZb —ep + ?d(_sa + 2Sb - Sc) (1)
di. . Vde

L= ~Ri.— e+ %(—Sa — 5,4 28,)

where the symbols of their usual meaning are showed in [4] and S,, S, and S, represent

the input switching signals. It is important to note that the model (1) is time varying and

nonlinear. Here, with the dg transformation, the time-varying model becomes constant.
Finally, the dynamics of current in the dgq frame can be shown as follows:

dig R . Ei v

Sla _ T _d | Tdeg

7 de—i-wzq i + 7 d (2)
diq R i Eq+deS

— = =iy — Wiy — — + —

dt L Tt

where 44, 7, are the d- and g¢-axis grid currents, respectively; Ey and E, are the d-
and g-axis grid voltages, respectively; Sy, S, are the d- and g-axis switching functions,
respectively. According to the KCL, the relationship of DC link voltage can be written
as:

dug. . .
C d: =10 — l4e (3)

where ug4. is the DC link voltage, i4. is the current at the input of the inverter; i is the
current at the output of the solar array. In the synchronous rotating dg-frame, the active
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and reactive powers exchanged between the PV array and the grid are given by:

3
P = 5 (Eqly + E,1,)
2 (4)
Q=5 (B,du— Fil,)

However, in steady-state, the average value of E, is equal to zero. And also, considering
that the losses due to switching actions of the inverter are negligible, the power balance
relationship is ug.i9 = 1.5FE41;. Thus, the DC link voltage dynamics is expressed by:

dudc B 3EdId Lde (5)
dt 20U, C
Now considering the uncertainty of the model parameters and the uncertainty caused

by the grid disturbance, the complete dynamical model of a grid-connected photovoltaic
inverter system can be described by:

dudc 3Edid idc

- ey s
it 2Cu, C© %
di R E
ﬁ:—zidjumq—fdnt%ntég (6)
diq,  R. . E,
F R A A A

where 01, 02 and 03 respectively represent the sum of the uncertain parts of the non-linear
and external disturbances in the grid-connected inverter model.

3. Adaptive Command-Filtered Backstepping Controller Design. In this section,
the controller of PV grid-connected inverter controlling DC voltage and active and reactive
power is designed step by step as follows.

d 2 .
| 2o, B s s

FIGURE 2. Structure of constrained command filter

Y

Step 1. The tracking error variables eq, es and ez are defined as follows:
- . . i Iy i
€1 = Uge — Uge, €2 =14 —lg, €3="1q—1, (7)

where ug, is the input reference voltage and g and 7 are the filtered command of iy and
iq, correspondingly. The structure of command filter is shown in Figure 2.
Step 2. The task is to stabilize (7) and the Lyapunov function can be chosen as:
1 02
Vi=ze®+ 4 8
1= 54 + 5 (8)
where 51 = 51 — 01, 51 is the estimated value of 91, 51 is the estimation error, v, is adaptive
gains.
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Now the derivative of V; is given by:

o

V1 =e€1 + —151
g
3E ;i 7 5 (9)
N R O7dld Tde | s e 4k P
1617+ e (ZC'udc C + 01 Uge + Kkiep | + 01 " €1

So the virtual controller can be considered as

. 2C’udc idc ? cc
Zg = 3—E'd (E — 61 -+ Uge — klel) (10)

31 = M1€1

where 4 is the desired velocity and k; > 0 is a design constant. Substituting (10) into
(9), we have Vi < 0. Thus, based on Lyapunov stability theory, the virtual control is
asymptotically stable.

In order to solve the problems of differential expansion and the control saturation, a
command filter is used to eliminate the impact of time derivative of (11) and control
saturation. Passing i4 through a filter, which is shown in Figure 2, the state-space model
of command filter can be described as

I a2
{ i }: [%wn [Sr (22 (S (w) = 1) — o] ] (11)

(}-[£]) vor

And ¢ and w,, are the damping and the bandwidth of the filter, respectively.

It is worth noting that the command filter will produce a filtering error which may
increase the difficulty in getting the tiny tracking error. So we redefine tracking error
e; = ey — €1, and design compensating signals given by

3Ed ¢ +d
Cug (zd zd) (13)

Step 3. To stabilize the second and the third functions of (7), the following Lyapunuov
function is considered to obtain:

where

€1 = —kie; +

1 ~2 2 2 S% S%
‘/225 e; tex” +es +7—+7— (14>
2 3

where 8y = 05 — 8o, 05 = b — 03, 72 and 3 are another two adaptive gains.
According to (8), (11) and (14), the derivative equation for ¢; is calculated as

 3Ejig g 3E, 3E,

€y — 81 — k’lél (15)

= — — 40, —uy. + kg1 — —i%) =
R T et it 7ol C ek 7o
Then, we can compute the derivative of V5:
: : , R S S
Vi = €161 + €9y + e3é3 + — 0y + —03
Y2 3

= — k‘léf — ]{?2622 — ]{?3632 — 651

n 3E; R, t i+ ug — By
(& eé1 — —1 w1
2\2Cuy,. * L a L

+ 52 — 52 + k2€2)
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R o ug—FEy o+
+€3<—Zlq—w2d—|— qL q+53—lg+k’3€3)

; ; (16)
+(§2 (—2—62) —l-gg (—3—63,)
72 73

where ko > 0 and k3 > 0 are the design constants. And we choose the virtual control uy
and u, as:

3E R . E PR
Ug = —L (26’12061 — zzd +wig — fd + 0y —ig+ kg@g)

R , E O
Uy =—L (—Ezq — Wig — Tq + 03 — 1 + kgeg) (17)
52 = 72€2
53 = 73€3

Then we will get .
‘/2 = —kléf — ]{?2622 — ]{33632 — 651 <0 (18)

For sufficiently large ki, ko and ks > 0, thus, it is proven that the whole system is
asymptotically stable.

4. Simulation Results. In this section, the Matlab/Simulink has been used for simu-
lating the proposed control. The parameters of the model used in the dynamic simulation
are summed in Table 1. In addition, the reference power changes its value as follows: 0
kw from the time t = 0 s, 8 kw from the time ¢ = 0.06 s, 0.6 kVar from the time ¢t = 0.2 s,
5 kw from the time ¢t = 0.3 s, 0.3 kVar from the time t = 0.5 s, and 10 kw from the time
t = 0.6 s. As illustrated by Figure 3, the active and reactive powers closely track to its
desired value. Meanwhile, Figure 4 represents that the DC link voltage V. is regulated
to the set value V,..; = 200 V. And also, Figure 4 displays the changes of the grid current
with the grid voltage.

TABLE 1. Parameters of the system

Parameter Representation Value
C (uF) DC link capacitor 2800
R (2) Filter resistances 0.1
L (mH) Filter inductor 20

Vi) (V) Desired DC link voltage 200
Vy (V) Grid voltage 110
F (Hz) Grid frequency 50

5. Conclusion. In this paper, a new recursive method to control the active and reactive
power injection into the grid from a three-phase grid-connected PV system is proposed.
The proposed controller is designed considering all parameters of the system as unknown
and these unknown parameters are estimated through the adaptation laws. From the
simulation results, it is clear that the designed nonlinear adaptive backstepping controller
provides a very satisfactory performance in terms of maintaining steady-state operation
under various operating conditions as compared to the value of reference and the ro-
bustness against the parameter uncertainties and the time-varying external disturbances.
Future work will study the design of similar controllers by taking into account of un-
known parameters. Future work will also focus on estimation of unknown parameters of
interconnected systems with multiple photovoltaic arrays.
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FIGURE 3. Active and reactive power injected into the grid
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