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Abstract—In this paper, a model predictive controller (MPC)
is designed for a single-phase rectifier. The proposed MPC works
with a continuous control set (CCS) that addresses variable
switching issues in finite control set (FCS) MPCs. The observ-
ability of the rectifier enables the design of a full-state observer
to measure only output voltage in which the AC current of the
rectifier is estimated. Both the proposed controller and observer
are assessed with simulation studies and the results show the
acceptable performance of the observer and CCS-MPC as well
as good disturbance rejection in load and network parameter
variations.

Index Terms—Continuous Control Set (CCS), Single-phase
Rectifier, Model Predictive Control (MPC), Observer

I. INTRODUCTION

Fundamentally, model predictive control solves an optimiza-
tion problem by taking into account the future states and input
in a moving horizon. In each sampling time, the next step
is computed to drive the optimum operation of the system
[1]- [2]. The predictive controller in power electronics used
to be designed based on the switching nature of the plant
[3]- [4]; indeed, the considered cost function is evaluated in
all switching states, hence the switching state that minimizes
the objective is selected in each sampling time for next
action. This type of MPC is called finite control set (FCS)
MPC; despite its simplicity, FCS-MPC suffers from variable
switching frequency that does activate parasitic harmonics in
waveforms [5]. However some papers reported how to mitigate
the harmonic pollution, the filter design for this widespread
harmonics would be an essential hindrance for FCS-MPC to
be comprehensively used in practice [6]. Moreover, the com-
putational load would be exponentially increasing for com-
plicated converters with much more switching states [7]. The
computational efficiency also would be extremely violated in
a large prediction horizon. This paper introduces a continuous
control set (CCS) MPC for for a single phase rectifier. CCS-
MPC optimizes a cost function including predicted values of
grid current and duty cycle variations [8]. The controller output
is the optimum action that should be modulated with the PWM
module. This type of MPC can manipulate a continuous duty
cycle compared to FCS-MPC which has to work with limited
switching states [9]- [10].

The DC bus voltage of the single-phase rectifier is measured
and controlled with a PI controller in the outer loop, which is
responsible for a sinusoidal grid current with an almost unity
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Fig. 1. Full bridge single-phase rectifier.

power factor. The grid current is not measured and is estimated
by a full state observer and then controlled by the proposed
CCS-MPC. The full state observer is designed to estimate both
states of output voltage and grid current. There is a voltage
sensor but the output voltage is estimated only for having a
free noise voltage signal.

The rest of this paper is organized as follows. Section II
presents the observer design. Section III explains the procedure
for the proposed controller design. A PI controller is also de-
signed for the voltage loop in this section. A comparison with
FCS-MPC is performed in section IV, and finally, concluding
remarks are provided in section V.

II. OBSERVER DESIGN

A single-phase full-bridge rectifier is shown in Fig. 1 where
is and v are grid current and voltage, v, is DC bus voltage
and i, is the load current. The equations below describe the
rectifier switch model using a switching signal of s which can
accept the integers O or 1.

—0g(t) + L i (1) + (25 — D), (t) = 0
(D

Cop el _ (25(t) — 1)is(t) + io(t) = 0

The system of (1) can be arranged in a standard state-space
form of:
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i(t) = Ax(t) + Buy(t) + Eig(t))
2
y(t) = Cx(t)

where A, B, and C are state, input, and output matrices respec-
tively. In addition, z is a two-dimensional vector including grid
current and DC voltage. The selection of matrix C' signifies
that only the second state i.e. v, is measured. The matrix F is
the corresponding disturbance matrix due to load variations.

—r 1—2s(t)

1 0
L Co L
A= ,B = B = ,
2s(t)—1 —
&= 0 0 o 3)
c=1[ 1]

As mentioned, in this work, the grid current is not measured.
In general, for cascade control in power electronics, both
states of voltage and current should be available for control
purposes. However, measuring one state, the other state could
be estimated; thus, for grid current estimation, an observer is
designed based on the switch model of the rectifier. It increases
the cost and space efficiency due to the lack of the need for
current sensor.

&(t) = Ai(t) + Bus(t) + Eig(t) + Loy (y(t) — (1))

4)
The observer of (4) is running within the software in parallel
with rectifier hardware. This is a full-state observer since the
voltage of the DC bus is estimated too to eliminate the noise
effect on the measurement side [11]. Since the rectifier state
matrix of A has a compact bilinear form, first the observability
of the plant should be verified in two switching states of 0 and
1.

c 0 1

ob = = (®)]
CA 201
C%) s(t)=0

det(ob) = (6)
o si=1

The determinant value of the observability matrix is not zero
for both switching states that denotes the matrix ob has full
rank. Hence, by measuring output voltage, another state of the
system can be theoretically estimated. The Ackermann formula
is employed for obtaining observer gain as:

Lay = [0 1][CT ATCT]'a(A) (7)
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Fig. 2. Schematic of the proposed controller and observer.

where a(\) is the desired dynamic of observer as bellow. The
parameters A, and A2 denote positions of observer eigenvalues
for the characteristic equation of a()\) in s-plane.

a(A) = A= A)(A—A2) (3)

Using forward Euler, the discretized form of the observer is
described in (9):

Ts
Ts [Bus(k) + Eio(k) + Lopy(k)]

Bk +1) =T, (A= Loy + 22) a(k)+
9
Gk +1) = Ca(k)

III. CONTROLLER DESIGN

The overall schematic of the controller is shown in Fig. 2. A
PI controller is designed for the outer loop where the estimated
voltage is compared with the required DC voltage in the output
bus. For inner loop, a CCS-MPC is designed that the detailed
steps are given as the following.

Supposing that the outer loop fixes the output voltage at a
reference value of v}, average model of the inner loop for the
rectifier can be described as:

dis(t) 1 5 .
=1 <f'rzs(t) —urd(t) + vs(t)) (10)
where d is the duty cycle and is defined as:
d(t) =2s(t) — 1 (11)

The small-signal model of the (12) is acquired using Taylor
series expansion around the interest point of v,(t) = v:
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dig(t) 1

o2 = = (i) —vd) (12)
The discretized small-signal model can be obtained as:
~ T\ - Ts .=
is(k+1)= (1 - 5) is(k) — fv;d(k) (13)

The variation of the grid current is augmented to the state
vector in (14) to benefit from integrator property in a steady-
state.

i9(k) = [Nis(k)  is(k)]" (14)

where:
Aig(k) = ig(k) —is(k — 1) (15)
Hence, the augmented state-space system can be described as:

i%(k+1) = Ai%(k) + B,Ad(k)

(16)
is(k) = Cait(k)
where:

Ad(k) = d(k) —d(k —1) (17)

1-LZ 9 1

L
Ay = 7Ba:_VdZTS 7C¢l: [0 1}

1-Z 1 1

(18)

Using (18), the predicted values of 7% can be computed as:

i%(k +2) = A21%(k) + A,BAd(E) + BAd(k + 1)

(k4 N,) = Adio(k)+
AN BAd(K) + AN TP BAd(K + 1)

o+ AV N BAd(K+ N, — 1)

(19)
Hence,

is(k+ Np) = Cai®(k + N) (20)

The parameters N, and N, are prediction and control horizons.
By defining the vectors of (21) and (22), all the predicted states
and output variables are described in a compact form of (23).
~ ~ T

I, = [is(k+1) i(k+2) ]

is(k+ Np) 1)

AD = [Ad(k) Ad(k+1) Ad(k + N, — 1)] '

(22)

(23)
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Fig. 3. Dynamic performance of the proposed observer.
where:
2 N1 T
F=[CoAs C,A2 CANY] (24)
CuB, 0 e 0
CyAuBa CyBa e 0
d = . .
: : 0
N,—1 Np,—2 Np—Nc
CoA." B, CuA." "B, C, A" B,
(25

The cost function of the MPC is described as (26). The
minimization of this function will force the grid current to
track the reference signal of the outer loop in the prediction
horizon. In addition, the second term of the cost function
includes the duty cycles variations to be minimized.

J= (1) (I} = 1,)+ ADTR,AD  (26)

where R,, is a weighting factor described by a diagonal matrix.

Ultimately the optimum variation of the duty cycle yields:
AD = (87® + R,) " @T (I — Fi*(k)) 1)

Afterward, the control sequence is computed within the control

horizon where only the first action will be sent to manipulating
variable [12].

IV. SIMULATION RESULTS

In this section, the performance of the proposed controller
and observer is examined with a simulation study. The ob-
server gain is determined in such a way the observer perfor-
mance should not have any frequency interference with the
proposed controller. In Fig. 3, the systems states including
input current and output voltages are depicted, which demon-
strates suitable tracking of the measurements.
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The controller is designed based on minimization of the
cost function over N, = 1. The other controller parameters
are tuned based on try and errors to achieve the best output
in steady state and parameters variations of the closed-loop
system. In Fig. 4, the source voltage and current, and also
output voltage are shown, which verify the adequacy of the
proposed controller to regulate output voltage at 200 V. Since
load variation is inevitable, hence the system performance is
investigated during a disturbance in output load. However,
the proposed control could preserve output voltage with an
acceptable transient time. Furthermore, change in network
parameters is also examined. In fact, during a variation in
network inductor, the source voltage and current, and also
output voltage are depicted in Fig. 5, which shows an ac-
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Fig. 4. System performance to the load disturbance
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Fig. 5. System performance to the source disturbance

ceptable performance to regulate output voltage. Line voltage
and current are in phase with unity power factor.

To prove the adequacy of our proposed controller, the
proposed controller and observer should be compared with
state of the art controllers in the literature. In our future work,
a comparison study will be done to compare the performance
of CCS-MPC and FCS-MPC to control a single phase rectifier.

V. CONCLUSION

The methodology of continuous control set MPC has been
explained in detail for a single-phase rectifier. The proposed
CCS-MPC works with a fixed switching frequency that sim-
plifies the filter design for the measurement system. To help
the system cost and space, a full-state observer is designed to
omit a current sensor requirement for grid current measure-
ment. The simulation results has demonstrated the CCS-MPC
capability to provide unity power factor along with disturbance
rejection in system parameters variations.
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