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Abstract. In the life and industrial power, due to the nonlinear load and new ener-
gy grid, many harmonics will be generated, which will reduce the power quality. Active
power filter (APF) is the most used device in harmonic suppression, so it is very im-
portant to improve the rapidity and steady-state performance of APF. Model predictive
control (MPC) appears with industry. It has been successfully applied in motor, power
electronic converter and so on. Continuous control set model predictive control (CCS-
MPC) is widely used in power industry because of its good control effect, CCS-MPC uses
the predictive model, and the minimization cost function is calculated at each moment to
obtain the output sequence in N time horizon in the future. In this paper, a CCS-MPC
with dynamic feedback based on Kalman observer is proposed to overcome the influence of
unmeasurable disturbance on the output of the system in industrial environment. Com-
pared with the traditional model with disturbance term, it has the characteristics of small
amount of calculation and fast response. The simulation results show that it has a good
ability to deal with interference, and also has a good steady-state performance.
Keywords: Active power filter, Continuous control set model predictive control, Kalman
observer

1. Introduction. In the weak current network, a variety of new energy for grid connected
power generation, and when many nonlinear power electronic devices and equipment are
in operation, it will produce a lot of harmonics and pollute the power quality. The decline
of power quality will cause power system failure and lead to power accidents, affect the
safety of electricity. Since APF was proposed, it has been widely used in harmonic and
reactive power compensation [1,2].

For the control of APF, including AC inner loop control and DC side voltage control,
the DC side generally uses PI control. AC side is the key technology of APF control, which
largely determines its compensation effect. Many control methods have been proposed
for AC inner loop control. In [3], a hierarchical repetitive control method is proposed to
improve the dynamic performance of APF. In [4], a neural network control method for
APF is proposed, which improves the compensation accuracy of APF. The structure of
APF without harmonic detection is proposed in [5], which improves the accuracy of APF.
In [6], an adaptive robust predictive current control method is proposed. Model predictive
control (MPC) is a method with the emergence and rapid development of the industry.
It is quickly used in power electronic devices. [7] proposed a finite set model predictive
control method, which has a fast dynamic response, but the switching frequency is not
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fixed. In [8], the receiving horizon model predictive control for a three-phase voltage
source inverter (VSI) is proposed. The cost function is established and the optimal duty
cycle is generated by using space vector modulation. It can work at a fixed switching
frequency and has a fast dynamic response. However, its embedded integrated Kalman
filter further increases the amount of calculation.
In this paper, a model predictive control method based on discrete state-space model is

proposed. The unmeasurable disturbance is extended to the state variable of the model,
and its magnitude and influence on the output are estimated by the Kalman filter to
control the AC measurement of APF. Aiming at the discrete state-space model of APF,
the state prediction and output prediction are carried out, and the real-time feedback
coefficient is solved to obtain the control increment. Unconstrained CCS-MPC does not
need to establish the weight matrix and output matrix, which avoids the selection and
optimization of its weight coefficient, and does not need to establish the constraints on the
state quantity and output increment. In the process of calculating the feedback coefficient
and solving the control increment in real time, it can quickly get the feedback coefficient
and follow the detected three-phase harmonics in time, which ensures the real-time and
dynamic performance of APF control. Through the establishment of simulation, the
effectiveness and feasibility of the theoretical method are verified.
In this paper, the simulation model of the entire system is established and compared

with the without Kalman filter to verify the superiority of the with Kalman filter in
three-phase APF. The remaining structure of this paper includes the following parts,
the second section introduces the three-phase two-level APF model and the harmonic
current detection method, the third section introduces the unconstrained CCS-MPC, the
fourth section introduces the Kalman filter for CCS-MPC, and the fifth section shows the
performance and results of the two control methods through simulation results. The sixth
part is the conclusion.

2. Structure and Mathematics of APF. CCS-MPC uses the dynamic mathematical
model of the plant to predict the output of p (prediction horizon) time in the future
at the current time, and compares the predicted value with the reference value [9-11],
by establishing the cost function and solving the cost function to obtain the input at
each time, the future m (control horizon) input can be obtained. In the application of
converter, PWM modulation is needed to fix the switching frequency, and the first group
of the control sequence is applied to the converter, and such a process is carried out at
each time cycle, so it is also called receding-horizon model predictive control [12-14].
Figure 1 shows the system main circuit structure of a parallel APF compensation voltage

source type nonlinear load, where ea, eb, ec are grid voltage, ica, icb, icc are the output
compensation current of APF, iLa, iLb, iLc are load current, where L and R are the filter
inductance and equivalent resistance, C is DC side capacitance, which stores energy for
bidirectional flow of APF and grid energy, for Udc of the DC voltage hold stability.
In the three-phase static coordinate system, assuming the three-phase symmetry, ac-

cording to Kirchhoff’s current law, the dynamic expression of Equation (1) can be ob-
tained, where uca, ucb, and ucc are the output voltage of APF.











Ldia
dt

= ea − Ria − uca

Ldib
dt

= eb − Rib − ucb

Ldic
dt

= ec − Ric − ucc

(1)

According to the differential equations of voltage and current flow in APF, the time
horizon differential equation is transformed into a state space model. The state and input
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Figure 1. Three-phase APF topology diagram

are defined as X = [ia; ib; ic] and U = [ea−uca; eb−ucb; ec−ucc], so the new mathematical
model is

Ẋ = AX +BU (2)

where

A =





−R
L

−R
L

−R
L



 , B =





1
L

1
L

1
L





By discretizing, the APF discretized state-space model of Equation (3) can be obtained.

X(k + 1) = ÃX(k) + B̃U(k) (3)

where
Ã = eATs , B̃ =

(

eATs − I
)

A−1B

Calculation of reference current. When APF is used to compensate harmonics and
reactive power, it must be detected first, including FFT, FBD, PQ method, and so on.
At present, the most widely used ip-iq detection method proposed by Akagi is that the
fundamental wave of load current is obtained by filtering, and the harmonic content of
load current can be obtained by subtracting the load current [2]. The DC side capacitor
voltage of APF is controlled by PI, and the compensation part is injected to keep the
energy interaction between AC measurement and DC side and stabilize it at the reference
value. It has better dynamic performance and tracking performance, and the specific
principle is shown in Figure 2 [18].

Figure 2. ip-iq method for harmonic detection of the reference current
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According to the principle of APF, the detected harmonics need to be injected into the
power grid in reverse, and then the APF outputs the harmonics of the same component.
Therefore, it is necessary to take the harmonics as the reference value of APF and define
Xref = [iah; ibh; ich]. Harmonic detection uses phase locked loop (PLL) to detect phase
and coordinate transformation, low-pass filter filtering, coordinate inverse transformation,
which will inevitably produce delay, making the generated reference value lag about one
cycle. In order to improve the accuracy of the reference value, it is necessary to predict
the reference value at the next moment. In this paper, Lagrange interpolation prediction
method is used, and the 2-order is taken.

Xref (k + 1) =

n
∑

i=0

(−1)n−i (n+ 1)!

i!(n + 1− i)!
·Xref (k + i− n) (4)

3. Unconstrained CCS-MPC for APF.

3.1. Establishment of predictive model. The diagram of APF’s current predictive
control is shown in Figure 3. io is the predicted active current component value of APF,
and i∗(k) is the harmonic reference current now. Generally, the difference between the
DC side and the reference value is used. In this paper, the power control is performed on
the DC side, the voltage regulator is controlled by the PI regulator, and the compensation
is performed together with the harmonics [3-5]. After minimizing the objective function,
the optimal control sequence can be obtained, and the first group of the control sequence
is applied to the optimization, control the APF output compensation current to track the
harmonics at the current moment, and predict the next time reference signal.

Figure 3. APF predictive control principle

According to Equation (2), in order to reduce the static error, the incremental model
is adopted.

∆X(k + 1) = Ã∆X(k) + B̃∆U(k)
Y (k) = C∆X(k) + Y (k − 1)

(5)

where

∆X(k) = X(k)−X(k − 1)

∆U(k) = U(k)−U(k − 1)

Let the prediction horizon be p and the control horizon be m. Through recursive
iteration, we can get Equation (6). k + 1|t represents the prediction of the next time at
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Figure 4. CCS-MPC method

time t, so we can predict the state from k +m to k + p.

∆X(k + 1|t) = Ã∆X(k|t) + B̃∆U(k|t)

∆X(k + 2|t) = Ã∆X(k + 1|t) + B̃∆U(k + 1)

= Ã2∆X(k|t) + ÃB̃∆U(k|t) + B̃∆U(k + 1|t)
...

∆X(k + p|t) = Ã∆X(k + p− 1|t) + B̃∆U(k + p− 1|t)

= Ãp∆X(k|t) + Ãp−1B̃∆U(k|t) + Ãp−2B̃∆U(k + 1|t) + · · ·

+ Ãp−m−1B̃∆U(k +m− 1|t)

(6)

Similarly, the Y (k + p|t) can be obtained:

Y (k + p|t) =

p
∑

i=1

C̃Ãi∆X(k|t) +

p
∑

i=1

C̃Ãi−1B̃∆U(k|t) + · · ·

+

p−m+1
∑

i=1

C̃Ãi−1B̃∆U(k +m− 1|t) + Y (k|t)

(7)

According to Equations (6) and (7), the prediction model can be written as:

Y (k + 1) = Ψt∆X(k) +Θt∆U(k) + IY (8)

where

Y (k + 1) =





Y (k + 1|t)
...

Y (k + p|t)



 , Ψt =













C̃Ã
...

p
∑

i=1

C̃Ãi













, ∆U(k) =





∆U(1|t)
...

∆U(k +m− 1|t)



 ,

I =

[

Inc×nc

Inc×nc

]

, Θt =





























C̃B̃ 0 0 0
...

...
. . .

...
m
∑

i=1

C̃Ãi−1B̃

m−1
∑

i=1

C̃Ãi−1B̃ · · · C̃ÃB̃

...
...

. . .
...

p
∑

i=1

C̃Ãi−1B̃

p−1
∑

i=1

C̃Ãi−1B̃ · · · C̃Ãp−1B̃




























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3.2. Establishment of objective function. CCS-MPC with dynamic feedback does
not add a constraint matrix, but adds a weight matrix to the state and input, which
does not affect the off-line calculation. First, the weight factor of each state quantity
is set as Q = diag[q1, q2, . . ., qp], qi = diag[q1, q2, . . ., qnc]. The reference is R(k + 1) =
[Xref (k + 1),Xref (k + 2), . . .,Xref (k + p)].
The cost function of Equation (9) is adopted in order to avoid too large control action.

H = diag[h1, h2, . . ., hm], hi = diag[h1, h2, . . ., hnc] is the weight factors of the input
increment.

J =

p
∑

i=1

‖qi(Xref (k + 1)− Y (k + 1))‖2 +

m
∑

i=1

‖hi∆U(k + i− 1)‖2 (9)

hi is the weight factor of all control increments of the i-th prediction. According to the
cost function (9), we can get an optimization problem (10).

min
∆U(k)

J(X(k),∆U(k), m, p) (10)

3.3. Optimization problem solving. In order to make the predicted value track the
harmonic reference value, the error of the next time can be obtained, and the open-
loop optimization problem can be solved, the optimal control sequence at k time can be
obtained as Equation (11).

min
∆U(k)

J(X(k),∆U(k), m, p) = ‖qi(Xref (k + 1)− Y (k + 1))‖2 + ‖hi∆U(k + i− 1)‖2

(11)
We can define auxiliary variables:

ρ
def
=

[

qi(Xref (k + 1)− Y (k + 1))
hi∆U(k + i− 1)

]

(12)

So the optimization problem can be expressed as:

min
∆U(k)

J(X(k),∆U(k), m, p) = ρTρ (13)

Solve it and we can obtain:

Ep(k + 1) = Xref (k + 1)− Ψt∆X(k)− IY (k) (14)

∆U ∗(k) =
(

ΘTQTQΘ +HTH
)

−1
ΘTQTQEp(k + 1) (15)

According to the principle of MPC, only the first control sequence is selected, the
control gain gmpc can be defined as:

gmpc = [ Inc×nc 0 . . . 0 ]×
(

ΘTQTQΘ +HTH
)

−1
ΘTQTQEp(k + 1) (16)

In the next moment, the process is continuously carried out, and the first group of
input increment at each moment is

∆u(k) = gmpcEp(k + 1) (17)

4. Kalman Filter for CCS-MPC. The state variable x(k) of the Kalman filter for
discrete-time process estimation is a recursive estimation algorithm. Suppose that the
state-space model is Equation (18), u is the input variable, w is the process noise, v is
the observation noise, and A, B, and H are all gain matrices.

xk = Axk−1 +Buk−1 + wk−1

zk = Hxk + vk
(18)
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Both w and v are Gaussian white noise, which accords with a normal distribution.

p(w) ∼ N(0, Q)

p(v) ∼ N(0, R)
(19)

Kalman filter uses the feedback method to estimate process state, which is divided
into two parts: time update, and measurement update. Time update is mainly used
for prediction, which is responsible for estimating the current state variables and error
covariance and providing a priori estimation for the next time. The measurement update
is used as a correction to provide a posteriori estimation for the next time. The time
renewal equation is

x̂−

k = Ax̂−

k−1 +Buk−1

P−

k = AP−

k−1A
T +Q

(20)

The measurement renewal equation is

Kk = P−

k HT
(

HP−

k HT +R
)

−1

x̂k = x̂−

k +Kk

(

zk −Hx̂−

k

)

Pk = (I −KkH)P−

k

(21)

At the next time, the time update equation and the measurement update equation are
solved repeatedly, and the posterior estimation obtained from the last calculation is taken
as the prior estimation of the next calculation. The process is shown in Figure 5.

Figure 5. Kalman filter principal diagram

4.1. Kalman filter with CCS-MPC. Because in the actual system, the harmonic
detection process needs to detect the grid voltage, load current, etc., the unknown dis-
turbance will interfere with the measurement results and affect the reference value. After
adding the disturbance term in the MPC, we can get a new mathematical model as follows.

∆X(k + 1) = Ã∆X(k) + B̃∆U(k) + B̃d∆d(k)

Y (k) = C∆X(k) + Y (k − 1)
(22)

d(k) = CdXref (k) (23)

So

∆X(k + p|t) = Ã∆X(k + p− 1|t) + B̃∆U(k + p− 1|t) + B̃d∆d(k + p− 1|t)

= Ãp∆X(k|t) + Ãp−1B̃∆U(k|t) + Ãp−2B̃∆U(k + 1|t) + · · ·

+ Ãp−m−1B̃∆U(k +m|t) + Ãp−1B̃d∆d(k)

(24)

And the predictive output in k + p is

Y (k + p|t) =

p
∑

i=1

C̃Ãi∆X(k|t) +

p
∑

i=1

C̃Ãi−1B̃∆U(k|t) + · · ·

+

p−M+1
∑

i=1

C̃Ãi−1B̃∆U(k +m− 1|t) (25)



1712 J. YANG, Y. LIU AND Z. LI

+

p
∑

i=1

C̃Ãi−1B̃d∆d(k|t) + Y (k|t)

And Ep(k + 1) is

Ep(k + 1) = Xref (k + 1)− Ψt∆X(k)− IY (k)− Ψd∆d(k) (26)

where

Ψd =













C̃B̃d

...
p

∑

i=1

C̃Ãi−1B̃d













The control principle is as the following Figure 6.

Figure 6. Kalman filter with CCS-MPC

In the presence of interference, in order to get the ideal state value, it is necessary
to detect the relevant variables effectively. As shown in Figure 6, using a Kalman filter
to detect the load current can get the ideal harmonic reference current and interference
estimation value. At the same time, using the Kalman filter to observe the output of APF,
the estimated value of the state can be obtained and fed back to MPC controller. Finally,
the output value is applied to APF to complete the control of APF under unmeasurable
interference.

5. Simulation and Results Analysis. In order to verify the ability of CCS-MPC with
dynamic feedback based on Kalman filter to deal with noise and unknown disturbance,
built it in MATLAB/Simulink, parameters are shown in Table 1. The load changes in 0.3
seconds, and the reference current is the harmonics detected by ip-iq method. And in the
presence of interference, compare with the control mode without Kalman filter.
In order to obtain a good control effect, reduce the amount of computation, set p = 20

and the m = 6. In this section, the advantages of CCS-MPC with dynamic feedback
based on Kalman filter in the presence of interference are compared when the parameter
settings are the same.
Figure 7(a) shows the load current before compensation, which is seriously distorted

due to the existence of nonlinear load, low order harmonics (5, 7, 11, 13) are dominant,
total harmonic distortion (THD) is 20.58%, and it cannot meet the requirements of the
power grid, less than 5%. Figure 7(b) shows performance of CCS-MPC with dynamic
feedback without Kalman filter, which does not deal with disturbances. In Figure 7(c), it
shows the performance of dealing with disturbance, (c) is closer to the sine wave, and it
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Table 1. Simulation model parameters

Parameters Value
Grid voltage 380 V
DC voltage 800 V
Capacitor C 3000 µF
Inductor 4 mH
Resistor 0.01 Ω

Load resistor 10 Ω

(a) Load current and THD

(b) Unconstrained CCS-MPC without Kalman filter

(c) Unconstrained CCS-MPC with Kalman filter

Figure 7. Three-phase current and THD under two methods

has the lower THD. Obviously, after processing the measurement disturbance, combined
with a good control method, APF can have better compensation performance.

Figures 8(a) and 8(b) describe what the APF tracks the harmonic reference value in
two ways, the method of (b) has better tracking effect, and can better compensate the
harmonic of power grid. As shown above, when controlling the operation of APF, with
the Kalman filter get a better performance; in other words, in the industrial environment,
the unknown disturbance will have less impact on the performance of APF.

Ep(k + 1) represents the error between the future reference value and the predicted
value, when set to 0.25, start APF, as we can see in Figure 9, when it is not started, its
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(a) Tracking without Kalman filter (b) Tracking with Kalman filter

(c) Comparison of THD changes

Figure 8. Three-phase current tracking and THD changes under two methods

(a) Ep(k + 1) on unconstrained CCS-MPC without Kalman filter

(b) Ep(k + 1) on unconstrained CCS-MPC with Kalman filter

Figure 9. Three-phase current errors under two methods

value is relatively large. After the start of APF, the predictive error of a method is larger
because of the disturbance, after using the Kalman filter to observe the measured value
and state value, as shown in Figure 9(b), the error Ep(k+1) is reduced from the original
amplitude of 2 to 0.5.
From the results in Figure 9, it can be found that the proposed method in this paper,

which combines the fast dynamic response of unconstrained CCS-MPC with less com-
putation and the disturbance processing of the Kalman filter, significantly improves the
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performance of APF, especially in the unknown industrial environment, because in the
complex field environment, the measurement device will be unreliable.

6. Conclusion. In this paper, an unconstrained CCS-MPC based on the Kalman filter
is proposed, compared with the traditional CCS-MPC, the unconstrained CCS-MPC has
the characteristics of real-time feedback and less computation, which is equivalent to off-
line control, lower requirements on the processor, and further reduces the delay. However,
in the industrial environment and field application, the unreliability of the measurement
device will interfere with the harmonic detection and the state of the controller and reduce
the performance of APF. In this paper, the Kalman filter is used to solve the unknown
disturbance and improve the performance of APF. As the main equipment to compensate
harmonics and reactive power, this control method can be further applied in APF in the
future.
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