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In this paper, a novel decoupling control method based on generalized inverse system is presented to solve the problem of SHAPF
(Shunt Hybrid Active Power Filter) possessing the characteristics of 2-input-2-output nonlinearity and strong coupling. Based
on the analysis of operation principle, the mathematical model of SHAPF is firstly built, which is verified to be invertible using
interactor algorithm; then the generalized inverse system of SHAPF is obtained to connect in series with the original system so that
the composite system is decoupled under the generalized inverse system theory. The PI additional controller is finally designed to
control the decoupled 1-order pseudolinear system to make it possible to adjust the performance of the subsystem. The simulation
results demonstrated by MATLAB show that the presented generalized inverse system strategy can realise the dynamic decoupling

of SHAPF. And the control system has fine dynamic and static performance.

1. Introduction

In recent years, many nonlinear electrical components are
widely used in our life; harmonics produced by Power System
electronic devices have a serious impact on power quality. So
it is important to find equipment to suppress harmonics and
compensate reactive power for the grid.

The traditional compensation equipment is passive filter
(PPF); it is inexpensive, but it cannot solve the impedance
deviation caused by the mutation of the system, and it can
only compensate fixed harmonics. Active power filter (APF)
can be used to compensate each of the order harmonics of the
grid, but it is not so feasible in large-capacity situation [1].

As a new compensation device, HAPF combines the
advantages of PPF and APF; it can solve almost all the matters
that PPF and APF have. Harmonics and reactive power are
compensated by PPF. The main function of APF is to improve
the filtering characteristics of passive filters and overcome the
shortcomings that the PPF has which can easily resonate with
the grid impedance. The capacity of APF occupies only about
2%-5% of the capacity of the harmonic source load, and most

harmonics are compensated by PPT. So SHAPF can be used in
large-capacity situations with relatively small-capacity, and it
can improve the cost effectiveness of the system. So the use of
SHAPF is becoming a significant practical direction for grid
harmonic governance.

The design of the controllers seriously affects the harmon-
ics compensation. Many controllers have been designed to
make the APF decoupling. Reference [1] designed a double
closed-loop PI controller to achieve the decoupling control.
Reference [2] designed a fuzzy controller to achieve the
decoupling control, but the settings of controllers mainly
depend on experience, and the controllers cannot react to
the mutation of the system. In [3], inverse system method
is presented to achieve the decoupling of SHAPE. The com-
pensation effect is better, but the traditional analytic inverse
system method largely depends on the accurate mathematical
model of the system, and it is unable to configure the poles
of the system to achieve the expected performance of the
system. In this paper, the traditional inverse system method is
improved and a new generalized inverse decoupling control
system is built. Finally we can ensure the stability of the
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FIGURE 1: Mathematical model of SHAPF [1].

pseudolinear system and reduce the difficulty of additional
controller design, by adjusting the generalized inverse param-
eters to configure the pole of the system.

2. Working Principle of SHAPF

SHAPF consists of command current arithmetic circuit,
current tracking control circuit, driving circuit, and the main
circuit (PWM converter). The structure of SHAPF is shown
in Figure 1. By detection of the harmonic current on grid,
compensated current signal is firstly calculated by com-
pensated amplifier circuit. Then PWM converter generates
compensated current by driving circuit; compensated current
can offset the harmonic current on grid. Finally, expected
current is obtained by PWM generator. The core device of
SHAPF main circuit is IGBT (Insulated Gate Bipolar Tran-
sistor), it is widely used because of its high frequency inverter
characteristic and automatic switching current capability, and
it can transform the direct current (DC) into alternating
current (AC). SHAPF is equivalent to the controlled current
source in the main circuit; it is used to offset the harmonics
and reactive power on the grid [4].

3. Mathematical and Generalized
Inverse of SHAPF

The mathematical model of SHAPF is shown as Figure 1. v;
(j = a,b, ) is grid voltage. v ; (j = a, b, c) is the voltage of C;
(j=a,b,0). vij (j=a,b,c)is the voltage of point of common
coupling. L, is the equivalent inductance of the grid. C,, is
the DC capac1tor and the voltage is vy,

From [5], we get the formula of SHAPF in d-q coordinate
system:

J . .
Lypipg = =Rpipg + @Lpipg = Vog —Ugvae +vig (1)

LFqu RFtpq wL pig; — Veg — UgVae + Vig (2)

Cdevdc = Ugipg + Ugipg. (3)

For the facilitation of the controller design, nonlinear affine
expression of SHAPF is built as follows:

x':f(x)+g(x)u
y=h(x).

(4)

Providing that x = [ip; ip, Vdc]T, u = [uy ”q]T, and

y = [)’1 yz]T = [iFd in]T, we can get the derived formula
from formula (1)-(2):

X = (=Rpx; + @Lpx, = veg = X3 + Vi g) )
) (—RFx2 —WLpx) = Vg —Uyx3 + qu) ©)
X, =
Lp
!
X3 = U Xy + UyX,. (7)

In formula (1)-(6), w is the fundamental angular frequency.
In other words, it is the rotation angular velocity of the d-q
axis coordinate; u; and u, are the switching function control
quantities in d-g axis coordinate; v ; and v, are the voltage
at the connection point between AC and SHAPF in d-q axis
coordinate. i; and i, are the compensation current of SHAPF
in d-q axis coordinate. We can get the following formula
from (9)-(11). From formula (5)-(6), it is easy to see that the
system is a 2-input-2-output coupling and nonlinear system.
In this paper, the generalized inverse system method is used
to design the controller.

4. Generalized Inverse Controller
Design for SHAPF

4.1. Invertible Analysis. Here, we use inverse system to
analyze the invertibility of SHAPE We first calculate the
derivative of the output (y) until the input (u) appears
explicitly [6]. In this paper, calculating y = h(x)’,

h (x) = (—=Rpx; + WLpx, = Vey — thy X3 + V1)
Ly
(8)
I () = (—RFx2 —wLpx) — Vg —UyX3 + qu)
2 Ly .
The Jacobi matrix is [ Vael Ly _VdZ)/LF ]

The Jacobi matrix is nonsingularity; relative degree vector
of the system is & = [, o))" = [1,1]7. Fora; =, = 1, ; +
a, = 2, the order is less than the order of the SHAPF system,
so the SHAPF system is invertible. It is confirmed in [7].
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FIGURE 2: Feedback linearization and decoupling of SHAPF with generalized inverse system method.
4.2. Formula Derivation with Generalized Inverse Theory. As Substituting (11)-(12) into equation (13):
is proved in the previous Section 4.1, the system is invertible.
In inverse system, the input vector of the inverse system is ¢ = Ug
! . . T
y'; the output vector of the inverse systemis [y, ,]|  and the (vyaay, — Rpxyay, + L pxyay, — vgay, + Lpagoxy — Lpgy)
. . T =
state feedback vector of the inverse system is [x; x,] . By (ay,x3) (14)

generalized inverse system, the input vector changes to ¢; =
aj Vo + ajly{ + ajzyé' o+ ajnyEZ).

It is obvious that, compared with the inverse system,
generalized inverse system increases some parameters, so the
pseudolinear system can configure the poles to anywhere by
adjusting parameters. It cannot be resolved by inverse system.
So the decoupling effect by generalized inverse system is
better than the traditional inverse system.

In this paper, ordering the input vector ¢ is

¢ = auy{ T a 9)
P = “21)’; + a0 ),- (10)
We transform (9)-(10) into
-a
y{ _ (p1 = aon) (1)
an
-a
y; _ (‘Pz 20)’2)_ (12)
a1
From (5)-(6), we can get the expression of u; and ug:
" (VLd — Rpx) + wLpx; — vy - LF)’{)
d= x5
(13)
" (VLq — Rpxy —wLpx) —vg, - LF)’;)
g = .

X3

" - (Vann — Rpxyay) — wLpx Gy, + Lpay X, - LF(PZ)

- (a1 %3)

q

Equation (14) is the duty cycle function of PWM generator
for the new generalized inverse system. Feedback lineariza-
tion and decoupling of SHAPF with generalized inverse
system method diagram are shown in Figure 2. We can
control the compensated current by adjusting the duty cycle
function of PWM inverter. By this way, the control of 2-
input-2-output system is transformed into the control of
two linear systems, so the l-order linear system is easy to
control.

4.3. Design of Controller of Pseudolinear System. With gen-
eralized inverse system method, the controller is designed to
achieve the desired effect. In this paper, generalized inverse
PI composite controller is designed to achieve the decoupling
control; two PI additional controllers are used to control
the two decoupled 1-order pseudolinear systems which can
reduce steady-state error of the system and configure the
poles reasonably. The capacitor in DC side is controlled by PI
control. Simulation flow chart of generalized inverse system
is shown in Figure 3.

4.4. Adjustment of Generalized Inverse System Parameters.
The composite system is a second-order system, structure
diagram of SHAPF control system is shown in Figure 4.
The transfer function of the system is easy to obtain. It is
calculated that the poles of the composite system are all on
the left side of the s-plane, so the composite system is stable.
The generalized inverse system parameters (a,4, a4, a0, 451 )
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FIGURE 3: Simulation flow chart of generalized inverse system.
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FIGURE 4: Structure diagram of SHAPF control system.

are set to make the damping ratio (§) of this composite
subsystem close to 0.7. (The damping ratio is calculated by the
transfer function.) The operating frequency range can reach
to the maximum value, and the subsystem has the best overall
dynamic performance. This best damping ratio value (&) is
confirmed by Chen in [8]. In Figure 4, ip; and ig, are actual
compensation current compensated by SHAPF; ip,;" and i Fq*
are reference currents calculated from Figure 3.

5. Simulation Research

In order to verify the effectiveness of the generalized inverse
control policy, we use the MATLAB simulation platform
to build a simulation study. And we do the comparison
with feedforward PI control and inverse control. System
parameters for simulation are shown in Table 1.

The SHAPF model is built as Figure 1 and the controller
is applied as shown in Figure 3. The load current waveform is
shown in Figure 5.

TaBLE 1: SHAPF and controller parameter.

System parameters value
Virtual value of grid voltage (V,,) and 220V/50 Hz
frequency

0.0lmH

Equivalent inductance on grid (L)
Passive filter parameters Cy, L 1, R, 10 F/1mH/0.1Q
DC side capacitor (C,.) and its voltage
(Vdc)

PWM frequency

0.01F/480V

10000 Hz

PI parameter of generalized inverse
system (k,;, kip» ko ki)
Generalized inverse parameter
(@)1, @19 315 )

PI controller parameter in DC side

)
Three-phase bridge load

10000/2000, 10000/2000

0.01, 1.41, 0.01, 1.41

0.01/0.002

10 /5 mH
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FIGURE 5: Load current waveform comparison. (a) Load current waveform without decoupling method. (b) Load current waveform with
feedforward decoupling method. (c) Load current waveform with inverse system decoupling method. (d) Load current waveform with

generalized inverse system decoupling method.
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FIGURE 6: Spectrum analysis comparison. (a) Spectrum analysis of load current without decoupling method. (b) Spectrum analysis of load
current with feedforward decoupling method. (c) Spectrum analysis of load current with inverse system decoupling method. (d) Spectrum
analysis of load current with generalized inverse system decoupling method.

It is obvious that the load compensated waveform with
generalized inverse system method is most close to ideal sine
wave. The spectrum analysis is shown in Figure 6.

In Figure 6, the THD (total harmonic distortion) of the
system without compensation device is 24.59%. The THD

of the system with traditional feedforward PI controller is
6.60%. The THD of the system with inverse PI controller
is 4.33%. The THD of the system with generalized inverse
PI controller is 2.54%; each controller can compensate the
harmonics on grid, but the generalized inverse controller has
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FIGURE 8: Compensated current in d-q coordinate. It is proved that i, and i, are completely decoupled in d-q coordinates.

the best effect: it can suppress the 5-order harmonic less than
2% of fundamental. Voltage of DC side capacitor is shown in
Figure 7.

In Figure 7, the fluctuation of voltage of DC side capacitor
is less than 4V with PI controller. In order to prove that
the system is completely decoupled, disturbance step signal
is applied to iy at time of 0.2 seconds of the simulation.
Waveform of iy and i, is shown in Figure 8.

It is easy to see that i, is not affected by the disturbance
step signal on i,;. So the complex system is completely decou-
pled. The generalized inverse system decoupling method for
SHAPF is effective.

6. Conclusion

In this paper, a novel method is presented to achieve the
decoupling control of SHAPF; generalized inverse theory
is applied to the system so that we can configure the pole
parameters to adjust the dynamic performance of the system.
The generalized inverse system is connected in series with
SHAPF and the pseudolinear system can be decoupled
into two linear systems to achieve the decoupling control.
Decoupled subsystems can be easily bridled by PI controller.
The simulation research proves that the system is completely
decoupled and the compensation effect is better than the
traditional PI control system and inverse system. This method
can be used in reality for further research.
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