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A Simple Model Predictive Power Control Strategy
for Single-Phase PWM Converters With Modulation
Function Optimization

Wensheng Song, Member, IEEE, Zhixian Deng, Shunliang Wang, and Xiaoyun Feng

Abstract—This paper proposes a simple model predictive direct
power control (MP-DPC) of single-phase pulsewidth-modulated
rectifiers with constant switching frequency using modulation
function optimization. The instantaneous active and reactive power
theory for single-phase converters is discussed, on the basis of a
second-order generalized integrator. The modulation function is
resolved from the cost function of the MP-DPC scheme. The rela-
tionship between the instantaneous powers and ac-side inductance
mismatch is discussed. The inductance mismatch has an effect on
the reactive power, but not effect on active power. The quantita-
tive expression of reactive power caused by inductance mismatch
is shown and verified in the experimental test. An inductance pa-
rameter online estimation scheme is proposed to eliminate its effect
on reactive power. Compared with the conventional proportional-
integral-based instantaneous current control scheme and finite-
control-set MP-DPC scheme, the proposed MP-DPC can provide
these advantageous features: lower current harmonics and total
harmonic distortion components, faster dynamic response, fewer
adjusted parameters, and zero steady-state error. In addition, the
proposed MP-DPC is free of the weighting factor selection in cost
function. The effectiveness of the proposed MP-DPC scheme is
verified by experimental results.

Index Terms—Single-phase rectifier, model predictive power
control, modulation function optimization, parameter sensitivity,
pulsewidth-modulation (PWM).

1. INTRODUCTION

OWER pollution, due to the wide application of diode or
P thyristor converters, has been a serious power-quality prob-
lem. Thus, in recent years, a single-phase voltage source con-
verter based on pulsewidth modulation (PWM) schemes, has
been widely utilized in many grid-interfaced systems, e.g., re-
newable energy source generation [1], power factor controllers
[2], uninterruptible power supply [3], railway electrical traction
transportation [4], [5]. Because it can obtain the better perfor-
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mance characteristics, such as high power factor, low current
harmonics distortion, and bidirectional energy flow, as com-
pared with diode or thyristor converters.

In order to achieve a sinusoidal line current with a near unity
power factor and obtain a constant dc-link voltage, various
control strategies have been proposed for single-phase PWM
converters, which can be categorized into two major classes,
namely, current-based control [6]-[13] and direct power control
(DPC) [14]-[16]. The current-based control scheme is widely
reported and utilized in single-phase PWM converters appli-
cation, which commonly includes indirect current control [6],
hysteresis control [7], proportional-integral (PI)-based [8] or
proportional-resonant (PR)-based [9], [10] instantaneous cur-
rent control (ICC), voltage-oriented control (VOC) [11], and
predictive control [12]. Whatever, the essential goal of the
current-based control scheme is to solve a current tracking
problem, i.e., the grid-side current is forced to track the cur-
rent reference, which is defined as a signal proportional to the
fundamental component of the grid voltage by phase-lock loop
(PLL) technology. Currently, PI-based ICC schemes are widely
adopted for single-phase PWM converters in railway traction
application [5], [13]. One of PI-based ICC scheme drawbacks
is that the ac-side current exits steady-state error due to the
adopted PI controller for grid-side current with 50/60 Hz. An-
other drawback is the complicated choice and tuning of cur-
rent’s PI parameters. The VOC scheme in [11] and PR-based
ICC in [9] and [10] are proposed to eliminate the steady-state
error, respectively. However, compared with the traditional PI-
based ICC, VOC scheme requires more PI controllers, and the
PR-based ICC scheme is very sensitive and dependent on the
choice of resonance parameters.

The DPC approach is a well-known efficient control strategy
for power converters based on the instantaneous power theory
reported in [17], which originates from the well-known direct
torque control (DTC) used in adjustable speed drives system.
The DPC algorithm directly uses the instantaneous active and
reactive power terms as control variables to replace the current
variables that are commonly used in an VOC system [11], which
is similar to application of stator flux and torque terms as control
variables in DTC. In recent years, DPC approaches are widely
reported and applied in three-phase converters [18]-[37]. Being
similar to direct current control, the DPC scheme commonly
includes hysteresis lookup-table control [18]-[20], fuzzy-logic
lookup-table control [21], PI-based linear power control [26],
[27], sliding model nonlinear control [28], deadbeat predictive
control [29]-[31], and model predictive control [32]-[41].
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Recently, with the development of digital signal process-
ing technology, predictive control schemes are widely applied
in power converters. Deadbeat predictive control and model
predictive control are two well-known approaches. The former
uses a predictive model of the system to calculate the required
reference voltage during a control period in order to reach the
desired reference value for the variables such as: currents, active
and reactive powers [29]-[31]. And the latter uses the system
model to predict the behavior of the variables over a control
period, and a cost function is defined as a criterion, and the cost
function minimization is adopted to select the optimal future
actions [33], [42]-[44]. MPC has several advantages, such as
the fast dynamic response, the easy inclusion of nonlinearities
and constraints.

Although the model predictive direct power control (MP-
DPC) has been extensively investigated for three-phase power
converters, a few approaches have been developed for single-
phase converters [15]. The classical MP-DPC scheme is dis-
cussed in [15], which can obtain a fast dynamic response. But
the main drawback is to obtain variable switching frequency.
In three-phase converters, MP-DPC with space vector PWM
(SVPWM) [26], [29], or discrete SVPWM [44] schemes are
proposed to solve this problem. As is well known, the parameter
sensitiveness problem is the main drawback of model predic-
tive control. Although literatures [39], [42], [43] have reported
the analysis and compensation solution of inductor parameter
mismatch in these MP-DPC schemes. But the quantitative rela-
tionship between instantaneous powers and ac-side inductance
mismatch has not been reported until now. Therefore, from the
modulation function point of view, this paper presents a simple
MP-DPC using modulation function optimization with carrier-
based PWM (CBPWM), for single-phase PWM rectifiers, to
gain constant switching frequency. The parameter sensitivity of
ac-side inductance mismatch is analyzed in detail. The quanti-
tative expression of reactive power caused by inductance mis-
match is deduced. In addition, an inductance online estimation
method is proposed to eliminate the effect on reactive power. A
performance comparison of the proposed MP-DPC, PI-based
ICC, and finite-control-set (FCS) MP-DPC [43] schemes is
adopted in the experimental test.

This paper is organized in the following manner. The sys-
tem configuration of the adopted single-phase PWM rectifier is
discussed in Section II. The single-phase instantaneous pow-
ers theory is provided in Section IIl. The model predictive
power control algorithm and inductance sensitiveness analysis
and compensation are presented in Section IV. The experimental
results are presented and discussed in Section V, followed by a
conclusion in Section VI.

II. SYSTEM CONFIGURATION OF SINGLE-PHASE
PWM RECTIFIERS

A single phase two-level PWM converter is depicted in Fig. 1,
where L and R are symbols for the equivalent inductance and
resistance of ac-side inductor, respectively; and it is assumed that
apure resistive load Ry, is connected at the dc-link capacitor Cy.
Four active switches S, .52, S5, and Sy are used in the adopted
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converter to generate two voltage levels on the converter’s leg-a
and leg-b, respectively.
Applying the Kirchhoff voltage law to analyze the voltage
across inductor L yields
di

L
ar

where us, 15, and u,;, represent the main voltage, the line current,
and the input voltage of the adopted converter, respectively. u
and i, are defined as

Uy cos(wt) ()

— Uqp — 1 1R (D

Us —

Ism COS(Wt - 90) + Z Ismkcos(kWt - @k) (3)
k=3(0odd)

1y =

where Uy, and I, are the peak values of the fundamental com-
ponents in the main voltage and the line current, respectively;
w is the angular frequency of the main voltage; and ¢ is the
displacement power factor angle. The second component in the
right side of (3) represents the harmonic components in the line
current.

III SINGLE-PHASE ACTIVE AND REACTIVE POWERS THEORY IN
VIRTUAL TWO-AXIS REFERENCE FRAME

On the basis of (2) and (3), and neglecting the harmonic
currents’ effect, the active and reactive power expressions for
the single-phase PWM converter can be written as

Usm Lsmcosp

P= 2
4
Usim Lsmsing @
Q= — 5

As is well known, it is a common practice to transform three-
phase power converter systems into the two-axis stationary (a—
() or rotary (d—q) reference frames. These transformations bring
significant simplicity and ease of analysis, especially when de-
termining the instantaneous active and reactive powers in three-
phase systems. Hence, a virtual two-phase system should be
constructed for single-phase converters application. Recently,
the generation methods of a fictitious orthogonal phase compo-
nent from a single-phase quantity are widely reported, such as
90° phase shift [45], Hilbert transformation [46], all-pass filter
[47], and second-order generalized integrator (SOGI) [16], [48].
The SOGTI is an advanced and popular orthogonal signal gener-
ation technique. The characteristic transfer function of SOGI in
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s-domain [16] can be described as

kws

7o(9) = o s ) s
kw?

() = et a2

where & is the damping factor, the outstanding performance of
SOGI depends on the selection of damping factor k. The SOGI
can filter the harmonics being away from the central frequency
w.

From (5), it is clear that the SOGI can effectively extract
the fundamental components from the original signals with har-
monics. Applying (5) to the main voltage w4 and the line current
15, respectively, the fundamental component expressions of u
and 7, in virtual two-axis (a—/3) reference frame are shown as

{usq T US‘m, cos(wt)

tsp = Ugppsin(wt)

(6)

isa = is = Lgpcos(wt — @)
{ (N

isp = Lymsin(wt — @).

Then, on the basis of the active and reactive powers in (4),
the active and reactive powers in a—(3 reference frame can be
expressed as

Us‘m Ism, CoSy _ usaisa + Us‘ﬁisﬁ

P= 2 2
. . ‘ ®)
Q o U@m IsmSlnSﬁ o UsBlsa — usazsﬂ
N 2 B 2 '

The differentiations of active power P and reactive power Q
with respect to time 7 can be obtained from (8) as

dP 1 dis(y . duw disg . dusg
dtZQ(US“ ar e T Ty Ty )
dQ 1 dZe(y . dusﬂ disﬁ . dusa
dat 2 (u’ a T M Y >

)
The differentiations of currents ¢,, and 753 with respect to
time ¢ can be also obtained from (1) and (7) as

disa 1 .
dt = Z(usa — Ugbay — RZS&)
di 1 (10)
dStﬁ = Z(Uslf — Uabp — RZSS)
Substituting (6) and (10) into (9) yields
dP 1
E = ﬁ [ fm - (usauaba + usﬁuabﬁ) - QRP] - OJQ
d 1
7? = _i [(usﬁuaba - usauabﬂ) - 2RQ] +wP.

(1D
IV PROPOSED MODEL PREDICTIVE POWER
CONTROL SCHEME
A. Active and Reactive Power Prediction

The internal resistance R of an ac-side inductor is very small,
and can be ignored. The active power P(k + 1) and reactive
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power Q(k + 1) at the (k + 1)th sampling interval can be derived
from (11) as

Pk +1) = P(k) = wT;Q(k)

T
+ i[Uzm — Usa (k)uaba (k) — usﬂ(k)uabg(k‘)]

Q(k+1) = Q(k) + T, P(k)

B % [usﬂ(k)uabu (k) — Usa (kj)uabﬁ (k)]
12)

B. Cost Function Optimization

The power control goal is that the instantaneous active power
P and reactive powers Q are forced to track their references, Pt
and Q.. Therefore, following in model predictive theory, the
cost functions must be relative to the active and reactive powers,
which are usually defined as the following structures [39]-[43]:

J(k) = |Pret(k) = P(k + 1)[ + 1 |Qret (k) — Q(k + 1)
(13)

J(k) = |Pees (k) = P(k + 1> + 1 |Qret (k) — Q(k + 1)
(14)

where P,qr(k) and Q¢ (k) are the active and reactive reference
powers at the kth sampling interval, respectively; A represents
the weighting factor of cost function. The optimization con-
trol object is to minimize the cost function J(k) by selecting
the appropriate switching modes of the adopted rectifier. The
difference between (13) and (14) is that the latter produces an
overproportional cost (in powers of two), producing a higher pe-
nalization of bigger errors compared with smaller ones. This can
be used to control variables closer to the reference and reduce
ripple amplitude. In essence, this error will produce a faster
controller for the specific variable in the cost function. How-
ever, in the traditional finite-control-set (FCS) MP-DPC [43],
it will also introduce higher switching frequencies. Therefore,
the latter is widely adopted in MP-DPC with constant switching
PWM module, and the former is widely used in FSC-MP-DPC.
Of course, the former is ok in MP-DPC with constant switching
PWM module. However, in this paper, in order to obtain a con-
stant switching frequency and achieve the global optimization
based on the PWM technology, we should calculate the differ-
entiation of cost function with respect to the modulated signal.
The differential process of cost function in (13) is very diffi-
cult, due to the expression type of the absolute value function.
Four kinds of conditions should be considered to calculate the
differentiation of (13) with respect to the modulated signal.

Thus, on the basis of the aforementioned two reasons, cost
function in (14) is much appropriate in this paper. The opti-
mization control object is to minimize the cost function J(k) in
(14) by selecting the appropriate control variables u,;, (k) and
Uqp3(k), which yields

aJ (k) —0
OUgpa (k) (15)
oIk

Ougpg (k)
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Substituting P(k + 1), Q(k + 1) of (12) and J(k) of (14)into
(15), the optimized control variables w4 (k) and u,;3(k) can be
derived as
2Lugq (k)

T,UZ

sm

Uaba (k) = Usa (k) - [Pref(k) - P(k)]

2L,
T Quar(k) = Q)
+ T2 1P usa () — QU ()]
sm 2L (k) (16)
v () = s (k) = gy [Prs (k) — P(R)]
2L, (k
1—‘S‘U-527(n) [Qref(k) - Q(k)]
2Lw

[Q(k)usﬁ (k) + P(k)usa (k)]

U2

sm

And fortunately, the best solution is irrelative to the weighting
factor A (A>0) as shown in (16). There is no need to design and
choice the weighting factor. The best modulation function is al-
ways expressed in (16) in the different weighting factor values.
In the actual single-phase converter system, these [3-axis com-
ponents are fictitious quantities to estimate the instantaneous
powers. Therefore, only the optimized control variable u,, (k)
is required to achieve the model predictive control, as the input
of PWM stage, which can be expressed as

Uaba (k) = m(k)uqe (k) (17)

where m represents the modulation function. Substituting
Ugpa (k) of (17) in the first equation of (16), the optimized mod-
ulation function can be obtained as (18), as shown bottom of
this page.

C. Model Predictive DPC System Structure

Fig. 2 shows the block diagram of the model predictive DPC
scheme. In this figure, a PI-based voltage controller is adopted to
regulate the dc-link voltage. The output of the PI-based voltage
controller multiplied by the dc-link voltage can result the active
reference power P,.;. Reactive reference power QQ.r is set to
zero for achieving unit power factor. On the basis of SOGI
technology, the actual instantaneous active power P and reactive
power Q can be obtained from (8), respectively. The MP-DPC
scheme is adopted to optimize the modulation function m, as
shown in (18). And then, a PWM stage is used to generate the
gate signals of power switches, which can keep the switching
frequency constant.

As is well known, the model predictive control is particularly
sensitive to any model mismatch and to the possibly incorrect
identification of the model parameters [42], [43], [49]. MP-DPC
of the adopted rectifier is sensitive to its inductance parameter.
Thus, the inductance parameter estimation should be discussed.
In this paper, the inductance parameter estimation method is
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Fig. 2. Block diagram of the proposed model predictive DPC scheme.

shown in (26), which will be discussed in detail, in the next
section.

D. Inductance Parameter Sensitivity Analysis
and Compensation

From (18), the parameter mismatch between the modeled in-
ductance L,,, and its actual value L can lead to an estimation error
of the modulation function. The estimation error of m will affect
the performance of the predictive control system. The impact re-
lationship between the inductance parameter mismatch and the
instantaneous power regulation is discussed in the following.

In the MP-DPC controller, the most common option is to use
the rated inductance value L,,. Then, on the basis of (11), the
differential expressions of active power P and reactive power Q
with respect to time ¢ can be shown as

dP 1
S;; = E = 2Lm [ 52m — Usaq Uaba — usﬁuabﬁ] - wQ
dQ 1
SQZ‘E;::_if;h%ﬁme_Um“wﬁy+wp

(19)

For the actual converter system, in steady-state condition, the

differentiations of active power P and reactive power Q should
be zero, and are shown as

s, =0
54 =0

Uszm — UsaUgba — UspUabB = QLWQ
= (20)

UsBUaba — UsaUaby = 2LwP.

m(k) =

Usa (k)Us?m Ts + 2w LT [P(k)usp (k) — Q(k)usa (k)] — 2L [Prer (k) — P(k)] usa (k) — 2L [Qrer (k) — Q(k)] usp (k)

uae (KU, T,

sm =S

(18)
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TABLE I
ELECTRICAL PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

Parameters Value

The main voltage(rms) Urms = 100 V/50 Hz
DC-link reference voltage uge = 200V
Switching frequency fs = 5.0kHz
Sampling frequency fe = 10.0 kHz
the damping factor of SOGI k=157

The rating power Prating = 1 kW
AC-side inductance L=47mH
DC-link Capacitance Cy = 4.4mF

Fig. 3.

Photo of the experimental hardware prototype.

Substituting the right side of (20) in (19), the differential
expressions of P and Q in the MP-DPC controller are deduced
and discretized as

g P(k+1T)—P(k) _ (LL - 1) wOk)
s m (21)
g QNG (LY g

Depending on (8), the actual active power P(k) and reactive
power Q(k) estimated at the kth interval, are insensitive to the
inductance mismatch. But inductance mismatch will result the
prediction error of active power P(k + 1) and reactive power
Q(k + 1) estimation as shown in (21). As is shown in Fig. 2, a
dc-link voltage PI controller is adopted to generate the desirable
reference active power P,q(k). So even if there is a prediction
error of active power in the power control inner loop, the dc-link
voltage control loop can correct the error, and force the actual
active power to track the desirable reference active power. It
means that there is no effect on the active power P even if the
inductance parameter mismatches.

It is assumed that the actual reactive power Q(k + 1) at the
(k + 1)th interval reaches the reference value Q,.f(k) at the kth
control interval. The second expression of (21) can be rewritten
as

QU +1) = Quer(k) = Q(E) +wP(R)T, (1 . ) @

Unfortunately, the reference reactive power Q,.¢(k) is set as
zero to achieve unit power factor. Therefore, the reactive power
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Fig. 4. Experimental waveforms of the main voltage, the line current and dc-
link capacitor voltage in steady state. (uq.: SOV/div, us: 60V/div, is: 20A/div,
Time: 10 ms/div). (a) Conventional PI-based ICC. (b) FCS-MP-DPC. (c) Pro-
posed MP-DPC.

caused by the inductance mismatch, and can be expressed as

L

Q(k) = wP(k)T, <L— - 1) .

The aforementioned analysis results demonstrate that ac-side
inductance mismatch can lead to reactive power offset, whose

(23)



5284

= 5
E [ THD= 6.41%
g ]
g
z
=3
|7
T—
[=]
=
o |
= I |
=g 5000 10000 15000
Harmonic Frequency (Hz)
(a)
3 THD= 8.72%
s ]
g
-
5
<%
S
Q
£
]
43 5000 10000 15000
Harmonic Frequency (Hz)
(b)
2
= THD= 4.63%
g 4
3
£ 3
=
S 2
=
|
=
0 - . ond
0 5000 10000 15000
Harmonic Frequency (Hz)
(©)

Fig. 5. FFT analysis of the line currents in experiment test. (a) Conventional
PI-based ICC. (b) FCS-MP-DPC. (c) Proposed MP-DPC.

value depends on the switching period 7 and the active power
P. Depending on (23), if the estimating inductance L,, is larger
than the actual inductance L, the estimation error will result
that a negative reactive power occurs in the adopted converter.
Otherwise, if L,, is smaller than the actual value L, a positive
reactive power occurs in the adopted converter. In order to elim-
inate the reactive power offset caused by inductance mismatch,
the best solution is to estimate the online inductance, which is
shown as follows.
First, the inductance mismatch ratio ¢ is defined as

Ly,
6= < - 1. 24)
Substituting (24) into (23), (23) can be rewritten as
Qk)=— 0 wP(k)T. (25)
146 .

On the basis of (23), the inductance online estimation can be
shown as

. A L 1} Lk—1) k=1,2,3..
(26)

k=0.
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(c) Proposed MP-DPC.

Due to the active and reactive ripple, a low-pass filter should
be adopted to keep the estimated inductance value smooth in
the practical application.

V EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed system,
a single-phase two-level rectifier experimental prototype has
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Fig. 7. Experimental waveforms of dynamic response of active and reactive
powers regulation when a load steps from 50% to full load and vice versa after
1.0s (P: 640W/div, Q: 640 var/div, uq.: 80V/div, is : 10A/div, Time: 200 ms/div).
(a) Conventional PI-based ICC. (b) FCS-MP-DPC. (c) Proposed MP-DPC.

TABLE I
DYNAMIC RESPONSE OF DC-LINK VOLTAGE IN LOAD STEP-UP CONDITION

Control Schemes

Performance PI-Based ICC FCS MP-DPC  The Proposed MP-DPC
Voltage dip 16% 10.5% 8%
Overshoot peak response 50 ms 35 ms 30 ms

Settling time 180 ms 160 ms 150 ms

-470.0%

125%

(a)
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(b)

Fig.8. Experimental waveforms of the inductance mismatch ratio J, the active
and reactive powers while ¢ steps from —50% to +50% with and without
compensation schemes (P: 640 W/div, Q: 160 var/div, is: 10 A/div, Time:

320 ms/div). (a) Noncompensation for inductance mismatch. (b) Compensation
for inductance mismatch.

been implemented. The steady-state and dynamic performances
of the proposed MP-DPC are compared to those of the PI-based
ICC and the conventional FCS-MP-DPC[42], [43] schemes. The
electrical parameters of the experimental prototype are shown in
Table I. The damping factor k has an effect on the settling time
of SOGI. In order to obtain the minimum settling time of SOGI
for extracting the 50-Hz sinusoidal signals, the damping factor k
should be set to 1.57. The detail certification is reported in [48].

A. Experimental Platform

The photo of the experimental hardware prototype platform
is shown in Fig. 3. It consists of the main IPM power circuit,
the sensor sampling and signal processing circuit, Texas Instru-
ments TMS320F2812 controller, gate signal driving and protect-
ing circuit, and so on. The H-bridge IPM module in the main
power circuit is Mitsubishi PM50B4LA060 with the maximum
switching frequency 20 kHz. Two LEM LV 25-P Hall voltage
sensors and one LEM LTS 25-NP Hall current sensor are used
in sensor sampling circuit. A logical interlock and dead-time
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TABLE III
REACTIVE POWER VALUES IN INDUCTANCE MISMATCH CONDITION

Inductance mismatch ratio§ = L,, /L — 1
The average reactive power ratio (Q/P) estimated from (23)

The average reactive power ratio (Q/P) measured from simulations
The average reactive power error ratio(Q/P) measured in experiments

—50%  —25% 0 25% 50%

6.3% 2.1% 0 —-13% -2.1%
6.3% 1.9% 03% —15%  —24%
5.0% 3.2% 0 —1.6% —27%

function are designed in PWM signal processing and protecting
circuit.

B. Steady-State Performance Comparison

Fig. 4(a)—(c) show experimental waveforms of the main volt-
age, the line current, and dc-link voltage for the PI-based ICC,
FSC-MP-DPC, and the proposed MP-DPC schemes in steady
state, respectively. There are some harmonic pulse voltages in
the waveforms of the main voltages, due to the inductance of an
autotransformer as power supply in the experimental prototype.
From the experiments, it is observed that the line currents are
drawn to be sinusoidal in phase with the main voltages in these
three control schemes, approximately. But waveform quality of
the line current in FCS-MP-DPC scheme is worst, due to lim-
itation of the sampling and control frequency (f., = 10 kHz).
Compared with the partial enlarged details shown in Fig. 4(a)-
(c), the proposed MP-DPC scheme can obtain zero power factor
angle and unit displacement power factor (DPF). But DPF val-
ues are lower than 1 in both of PI-based ICC and the traditional
MP-DPC, as shown in Fig. 4(a) and (b). The reason is that there
is always a steady-state current error in PI-based ICC scheme,
and the control frequency f. = 10 kHz is a bit low and difficult
to achieve unit DPF for FSC-MP-DPC implemented in DSP
TMS320F2812 chip.

Fig. 5 shows experimental FFT results of the line currents. It
can be noticed that, due to only one switching state adopted dur-
ing the whole control period in FCS-MP-DPC, the current total
harmonic distortion (THD) is 8.87% and higher than two other
schemes in the same control frequency condition. In Fig. 5(b),
the current harmonics distribute widely in the frequency domain,
due to the inherent drawback of FCS-MP-DPC: variable switch-
ing frequency. Compared with Fig. 5(a) and (c), high-order har-
monics of the line currents in PI-based ICC and the proposed
MP-DPC schemes, distribute around the twice switching fre-
quencies 2 f,, due to the PWM module with the same switching
frequency adopted in both of control systems. It is clear that the
proposed MP-DPC can achieve much lower current THD and
less current harmonics than PI-based ICC. Therefore, the pro-
posed MP-DPC can obtain the lowest current THD, and remain
constant switching frequency in these three control schemes.

C. Dynamic Response Performance Comparison

To test dynamic response of active and reactive powers regu-
lation under power step change condition, Fig. 6 shows experi-
mental waveforms of active power P and P,.¢, reactive power Q,
and the line current 75, when active power command P,.¢ steps
up from 50% to 100% rating value and vice versa at the instant

after 1.0 s. From Fig. 6, a comparison of active power P and reac-
tive power Q shows that dynamic response of power regulation
in two MP-DPC methods are better than those in the conven-
tional PI-based ICC. And MPC-DPC methods can eliminate the
instantaneous powers’ stead-state errors more effectively than
the PI-based ICC. However, power ripples in FCS-MP-DPC are
much larger than those in the proposed MP-DPC. Thus, the pro-
posed MP-DPC cannot only retain the fast-transient response of
the traditional MP-DPC, but also obtain the high precise power
value with smaller ripple.

Fig. 7 shows experimental waveforms of dynamic response
of dc-link voltage when a load is scheduled to step from 50% to
full load and vice versa at the instant after 1.0 s. Table II shows a
dynamic response comparison of dc-link voltage in load step-up
condition. The dynamic response of dc-link voltage depends on
the PI voltage controller and inner power or current controller.
In this paper, the same voltage PI parameters are adopted in
these three methods. Thus, in the theory, the dynamic response
of these two MP-DPC schemes should be faster than PI-based
ICC, due to the faster dynamic response of an inner power
controller verified in Fig. 6. Therefore, it is clear that, in the
same sampling and control frequency condition, the proposed
MP-DPC scheme can obtain a faster dynamic response than PI-
based ICC, and retain the advantage of fast dynamic response
in FCS-MP-DPC scheme, from a comparison of experimental
results shown in Fig. 7 and Table II.

D. Experimental Sensitivity Analysis

Fig. 8(a) shows experimental waveforms of the active and
reactive powers in the proposed MP-DPC while the induc-
tance mismatch ratio § steps up from —50%, —25%, 0, 25% to
50%. It can be noticed that, the larger the absolute value of the
inductance mismatch ratio 0 is, the higher the reactive power
is. And the negative ratio d can result more reactive power than
the positive ratio J in case of the same absolute value of ratio 4,
which is coincided with (25).

And Fig. 8(b) shows the corresponding experimental wave-
forms with online estimation scheme of inductance parameter.
A comparison of Fig. 8(a) and (b) can verify the inductance
estimation scheme can eliminate the inductance mismatch in-
fluence on the reactive power Q, effectively. In additional, there
is no effect on the active power P.

Table ITI shows the comparison of the reactive power values in
theoretical calculation from (23), simulation and experimental
tests with different inductance mismatch ratios. Comparison
results verify the correctness of theoretical analysis.
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TABLE IV
PERFORMANCE COMPARISON OF THREE CONTROL SCHEMES

Control Schemes

Performances PI-Based ICC FCS-MP-DPC The Proposed MP-DPC
Power factor angle 7.2° 4° 0°

THD 6.41% 8.72% 4.63%
Inner-loop settling time 300 ms <10 ms <10 ms
Inner-loop static error Yes No No
Switching frequency constant variable constant

PI controller number 2 1 1
Weight factor of cost function — relative irrelative

VI. CONCLUSION

A model predictive direct power control (MP-DPC) with the
modulation function optimization for the instantaneous power
regulation of single-phase PWM rectifiers is proposed in this
paper. On the basis of SOGI, the instantaneous active and re-
active powers solution of single-phase converters is discussed
in two-phase stationary coordinate frame. The optimized mod-
ulation function of the adopted rectifier is obtained from the
cost function minimization in MP-DPC. The proposed MP-DPC
scheme combined with the PWM stage constitutes the overall
control system of the adopted rectifier. And the sensitivity of
the MP-DPC scheme is investigated, due to the ac-side induc-
tor parameter mismatch. On the basis of this, the inductance
parameter online estimation scheme is proposed to eliminate
its effect on the reactive power. The performance of the pro-
posed MP-DPC scheme is evaluated based on a single-phase
PWM rectifier scale-down experiment test. Moreover, it was
compared with that of the conventional PI-based instantaneous
current control (ICC) approach widely adopted in the railway
traction application, and the finite-control-set (FCS) MP-DPC
scheme. And Table IV shows a performance comparison of these
three control schemes on the basis of experimental results and
theoretical analysis.

The conducted studies conclude that the proposed method is
characterized by the following.

1) Compared with FCS-MP-DPC, the proposed MP-DPC
scheme using PWM can reduce current harmonic com-
ponents and THD, obtain a constant switching frequency,
and remain the advantage of fast dynamic response in
FCS-MP-DPC.

2) Compared with the conventional PI-based ICC scheme,
the MP-DPC scheme is free of complicated multiple PI
controllers design, can achieve zero steady-state power
errors, faster dynamic response for powers and dc-link
voltage.

3) Compared with FCS-MP-DPC, the proposed MP-DPC
scheme is irrelative to the weighting factor of cost func-
tion.

4) The disadvantage of the proposed MP-DPC scheme is that
the reactive power is relative to ac-side inductor parameter
mismatch. The quantitative expression of reactive power
caused by inductance mismatch is achieved and verified
by simulation and experimental results.
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5) On the basis of the quantitative expression of reactive

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

(10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

power with inductance parameter, the proposed the in-
ductance parameter online estimation scheme can effec-
tively eliminate the effect on reactive power, caused by
inductance mismatch.
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