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Abstract—This paper presents a model-predictive sliding-mode
control (MPSMC) scheme for a three-phase ac/dc converter to
achieve better stability and dynamic performances. In the conven-
tional model-predictive control method, a proportional–integral
(PI) controller is used to generate the active power reference. This
traditional model-predictive PI control (MPPIC) scheme, however,
produces a large overshoot/undershoot, a long settling time, and
a large steady-state error under disturbances. To overcome these
deficiencies, a sliding-mode controller is employed to replace the
PI controller. Since the control law and the controller are designed
based on the system model, the proposed MPSMC scheme can
reduce the effects of unexpected disturbances, such as the output
voltage demand and the resistance load variations. Both methods
have been simulated in MATLAB/Simulink during various distur-
bances. Compared with the performances of MPPIC, the results
obtained from MPSMC show that the settling time of the dc voltage
can be minimized by about 91%, and the overshoot can be elimi-
nated from 9.13% during the steady-state progress. The active and
reactive power from MPSMC can also be controlled to the desired
values, respectively, with a much smaller overshoot/undershoot
and a faster response speed. Similar dynamic improvements can
be achieved with MPSMC when the dc voltage demand varies. The
simulation results are validated by experimental results.

Index Terms—AC/DC converter, model-predictive control
(MPC), proportional–integral (PI) controller sliding-model
control.

I. INTRODUCTION

THREE-PHASE switching ac/dc converters have recently
attracted significant attentions because of their abilities to

achieve bidirectional power flow, low harmonic line current,
controllable power factor, and good dc-link voltage regulation
[1]. They are the preferred converter topology in many indus-
trial power systems [2] and have found extensive applications,
such as railway electrification systems [3], renewable energy
systems (wind power generation) [4], smart microgrids [5], and
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dc transmission systems [6]. Various advanced converter control
strategies for three-phase ac/dc converters have been proposed
[7], [8]. Remarkably stable and efficient schemes are employed
to improve the power quality and reduce the effects caused by
unexpected disturbances [9], [10]. Some good examples are
voltage-oriented control (VOC), direct power control (DPC),
and model-predictive control (MPC), which have been exten-
sively and systematically studied.

Based on a converter system model in the rotational frame
(dq coordinate), the classic VOC method applies the pulse width
modulation (PWM) to control the active and reactive powers to
track their references asymptotically [11]. Since most of the
PWM methods ensure the harmonics on the output side, the
converter input current ripple might be introduced, as well as
the power ripples [12], [13]. A voltage outer loop and a current
inner loop are also included in this scheme, and proportional–
integral (PI) controllers are used in these two loops because
of their simple structures. However, another drawback of this
strategy is that the corresponding performances are highly de-
pendent on the PI parameters and the current loop [14]. The
stability and dynamic performance will be limited by the fixed
PI parameters during disturbances. Controlling the active and
reactive power through a switching table, the DPC scheme does
not require the internal current control loop and PWM mod-
ulator block [15], [16]. Due to the difficulty in constructing a
perfect heuristic table, the DPC method is also susceptible to
producing large power ripples, which would affect the system
steady-state performance [17].

Compared with the above two methods, the MPC method is
a model-based control technique, which provides fast demand
tracking speed and low-power ripples [18], [19], such as free of
modulation, simple inclusion of system parameters, constraints,
and demands in the algorithm [20]. For a two-level converter,
MPC is devised to select an optimal switching state from eight
possible states to obtain an optimal voltage vector. Based on
the system model, a cost function is designed to minimize the
errors between the references and the real-time acquisitions
of the controlled variables. In a standard MPC strategy, a PI
controller is used to generate the active power reference, which
will be transferred to the cost function. The PI controller gains
of this model-predictive PI control (MPPIC) scheme should be
tuned and adjusted in an ad-hoc manner to satisfy the latest
system demands and unknown disturbances. However, the PI
parameters are constant and fixed during the operation. It is
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Fig. 1. Topology of a three-phase ac/dc converter.

hard for them to be tuned automatically according to the latest
system objectives and the updated load demand.

In order to solve this problem, a sliding-mode control (SMC)
scheme is considered to improve both the dynamic and steady-
state performances. SMC is known for its excellent dynamic
response and strong robustness to disturbances and uncertain-
ties, such as unknown variations of control variables and system
parameters [21]–[23]. As an effective nonlinear control tech-
nique, a control signal is employed to guide the system tra-
jectory points onto a surface, known as the sliding surface or
hyperplane. All the trajectory points will be forced to the vicin-
ity of the sliding surface within a finite time and toward the
system equilibrium point thereafter [24]. During the operation
of unknown uncertainties, a control law is designed to maintain
the control variables on the sliding surface [25]. In addition,
SMC is simple to implement and execute.

This paper presents an MPC method incorporated with an
SMC controller, known as the model-predictive sliding-mode
control (MPSMC), to compensate the weakness of the stan-
dard MPC method using a PI controller. The SMC technique
is employed to track the active power reference to improve the
system dynamic performance and robustness. Since the system
parameters are required in designing the controller and the con-
troller law, system parameter identification plays a vital role
in the SMC. When controlling a complex system, it might be
difficult to get highly accurate system parameters. The system
performance, including the dynamic response and steady-state
error, will then be affected by these incorrect or inaccurate pa-
rameters. This problem mainly occurs in some complex systems
or topologies where accurate system models or parameters are
hard to get or predict. The system studied in this paper, an ac/dc
three-phase two-level converter connected with a resistive load
in Fig. 1, is a simple system whose parameters can be accurately
measured. Also, because of the use of space voltage vectors, the
switching frequency of MPC is not constant.

Section II outlines the system configuration and work prin-
ciple of a three-phase ac/dc converter. The formulation and ba-
sic principle of the conventional MPPIC strategy is reviewed in
Section III. The determination of the proposed MPSMC scheme,
the design of the sliding surface, and the control law are dis-
cussed in Section IV. In Sections V and VI, the simulation
and experimental results obtained from the MPSMC scheme
are compared with those results from the MPPIC method un-
der the same disturbance operational conditions, respectively.
A short discussion of the simulation and experimental results
is presented in Section VII. Finally, conclusions are drawn
in Section VIII.

II. MODELING OF AN AC/DC CONVERTER SYSTEM

Fig. 1 illustrates the power circuit of a three-phase ac/dc con-
verter, consisting of six insulated-gate bipolar transistor (IGBT)
switches, Si(i = 1, 2, . . . , 6). The main grid adopts the symmet-
rical three-phase three-wire system, connected with this IGBT
full bridge through three series filter inductors with the same
value L and resistors with the same value R. A capacitor C is
connected on the dc side to filter the voltage harmonics.

The mathematical model of the ac/dc converter in the abc
frame can be expressed as

⎡
⎢⎢⎢⎢⎢⎣

Ldia

dt

Ldib

dt

Ldic

dt

C dVd c
dt

⎤
⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎣

−R 0 0 0

0 −R 0 0

0 0 −R 0

Sa Sb Sc −1

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

ia

ib

ic

iL

⎤
⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎣

Vga − Vca

Vgb − Vcb

Vgc − Vcc

0

⎤
⎥⎥⎥⎥⎦

(1)

where Vga , Vgb , and Vgc are the grid phase voltages; ia , ib , and
ic are the input currents of the converter; Vca , Vcb , and Vcc are
the converter input voltages; Vdc is the dc output voltage; iL
is the load current; Sa, Sb , and Sc stand for the switching state
of the switches, respectively, and

Sk =

{
1, upper switch on phase k is ON

0, upper switch on phase k is OFF
(2)

where k stands for a, b, c phase. For example, Sa = 1 means S1
ON and S2 OFF.

The switching state can be expressed in the two-phase sta-
tionary αβ orthogonal coordinate system as

Sαβ =

[
Sα

Sβ

]
=

2
3
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2

0
√

3
2 −

√
3
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Based on the switching matrix, the dynamic model of the
ac/dc converter input voltage can be represented with the
dc-link voltage, as

Vαβ =

[
Vα

Vβ

]
= SVdc =

[
Sα

Sβ

]
Vdc . (4)

According to the principle of space vector PWM, the three-
phase ac/dc converter input voltage can be controlled to eight
voltage vectors onto a stationary two-axis reference frame
(the αβ coordinate system), as shown in Fig. 2 [26]. Note that
V0 and V7 are zero voltage vectors.

The mathematical model dynamics are then represented in
the αβ orthogonal coordinates as

Vg ,αβ = L
diαβ

dt
+ Rig ,αβ + Vαβ (5)

C
dVdc

dt
=

3
2
(ig ,αSα + ig ,β Sβ ) − IL (6)
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Fig. 2. Eight converter voltage vectors in the αβ coordinate system.

Fig. 3. Basic principle of the MPPIC method.

where Vg ,αβ and ig ,αβ are the grid voltage and current vectors,
respectively, and

Vg ,αβ =

[
Vg,α

Vg,β

]
, ig ,αβ =

[
ig ,α

ig ,β

]
.

Based on the analysis, the dynamic model of the ac/dc con-
verter can be expressed with the αβ axis components as

[
Vg,α

Vg,β

]
=

[
L 0

0 L

] [
dig , α

dt

dig , β

dt

]
+

[
R 0

0 R

][
ig ,α

ig ,β

]
+

[
Vα

Vβ

]
. (7)

III. BASIC PRINCIPLE OF THE MPPIC SCHEME

The main purpose of MPC used in this paper is to control
the active and reactive power flows to the desired values and in
the desired direction, in addition to output voltage regulation.
In the MPPIC scheme, a PI controller is applied to track the
dc-link voltage to generate the active power reference, as shown
in Fig. 3.

In the form of space vector equation, (7) can be rewritten as

•
x = Ax + BVg ,αβ + DVαβ (8)

where

x = ig ,αβ =

[
ig ,α

ig ,β

]
, A =

[
−R

L 0

0 −R
L

]
,

B =

[
1
L

0

]
, D =

[
− 1

L

0

]
.

Fig. 4. Basic principle of the MPSMC scheme.

The discrete-time model of the grid current at the (k + 1)th
instant for a sample time Ts can be expressed as

ig ,αβ (k + 1) =
Ts

L
(Vg ,αβ (k) − Rig ,αβ (k) − Vαβ (k))

+ ig ,αβ (k). (9)

Then, the active and reactive powers of this system can be
calculated by

{
P = 3

2 Re
{
Vg i

∗
g

}
= 3

2 (Vg,α ig,α + Vg,β ig ,β )

Q = 3
2 Im

{
Vg i

∗
g

}
= 3

2 (Vg,β ig ,α − Vg,α ig,β ).
(10)

For the active and reactive power control, the cost function J
can be defined as

J =
√

(P − Pref )
2 + (Q − Qref )

2 (11)

where Pref and Qref are the active and reactive power references,
respectively.

It can be seen from (9) that the eight voltage vectors of the
converter input voltage result in eight vectors of line current
ig ,αβ . Substituting (9) into (10), one can deduce eight possible
values for the active and reactive powers. The cost function is
employed to select the optimal voltage space vector that yields
the P and Q with the minimum value of the cost function J , and
this optimal switching vector (Sopt in Fig. 3) is then applied for
the next step switching.

IV. PROPOSED MPSMC SCHEME

The traditional PI controller has only one single set of un-
changeable controller parameters during the operation. The
system will suffer from slow dynamic performances when the
system parameters and demands vary. On the contrary, the SMC
has excellent dynamic performance, since the controller and
the control law are both designed based on the system model.
Taking advantage of this feature, the proposed MPSMC method
applies a sliding-mode controller to replace the PI controller, as
shown in Fig. 4. The control problem is to detect an appropriate
control law so that the system state can track the expected active
power and the desired dc-link voltage.
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From Fig. 1, the instantaneous power (Pi) conservation equa-
tion is used to describe the dynamic process of the dc-link
voltage, which is

Pi = Vdcidc = CVdc
d

dt
Vdc +

1
RL

V 2
dc . (12)

By the principle of power equilibrium, the input instantaneous
power of the converter is equal to its simultaneous output in-
stantaneous power. The converter power loss is neglected in this
paper. In the steady-state operation, the instantaneous power is
equal to the active power, which is proportional to the voltage
on the dc side. Therefore, in order to control the active power,
the objective of SMC can be converted to control the dc-link
voltage.

A. Active Power Sliding Surface

The control problem in the converter is to find a suitable
control law so that the control variable Vdc can track the expected
demand Vdc,ref accurately. To achieve this control target, the
tracking error eV can be defined as

eV = Vdc − Vdc,ref . (13)

To design the sliding surface, methods include a proportional
of the error and a combination of the proportional and integral
of the error. In this paper, to control the steady-state error to
be zero, a linear combination of proportional and the integral
of the designed voltage error is selected as the sliding surface
[27]–[29], that is:

SV = k1eV + k2

∫
eV dt = λeV +

∫
eV dt = 0 (14)

where λ(λ = k1/k2) is a positive constant related to the time
constant of the output voltage. Therefore, the response speed
increases as λ is decreased, an idea originated from [30] but
modified for the proposed controller. With such a relation-
ship, a proper λ can be selected to optimize the dynamic and
steady-state performances of the control system, such as the set-
tling time, overshoot/undershoot, steady-state error, and control
robustness.

Taking the derivative of SV with respect to time and substi-
tuting (13) into (14), one obtains

•
SV = λ

( •
V dc −

•
V dc,ref

)
+ Vdc − Vdc,ref . (15)

B. Active Power Control Law

According to the inherent uncertainty with respect to the
active power in this system, the control law can be designed as

u =

{
P+

dc(t), SV > 0

P−
dc(t), SV < 0

(16)

where u is the control law, and P+
dc(t) and P−

dc(t) represent the
instantaneous power when the sliding variable reach different
sides of the sliding-mode surface SV , respectively. Fig. 4 depicts
the control block diagram of the proposed MPSMC scheme.

According to (12) and (16), the first-order derivative of the
dc-link voltage can be expressed as

•
V dc =

u

CVdc
− 1

RLC
Vdc + δ (17)

where δ denotes the uncertainty disturbance on Vdc .
Here, the bound of the uncertainty disturbance, ρ, is assumed

to be |δ| ≤ ρ < 1, i.e., ρ is a given positive constant.
Based on the aforementioned analysis, the controller can be

designed as

uSV
=CVdc

[(
1

RLC
− 1

λ

)
Vdc +

1
λ

Vdc,ref −(ρ + k)sign(SV )
]

(18)

where k > 0 represents a suitable control gain.

C. Proof of Existence Condition

All the trajectory points in the vicinity of the sliding surface
should reach the designed sliding surface within a finite time
[31]. To guarantee this existence condition, one only needs to
show that

lim
SV →0

S · •
S < 0. (19)

Substituting (17) and (18) into (15) yields
•

SV = −λ [(ρ + k)sign (SV ) − δ] . (20)

Multiplying SV by (20), one obtains the sliding-mode exis-
tence condition as follows:

SV

•
SV = SV (−λ ((ρ + k)sign (SV ) − δ))

= − λk |SV | − λSV (ρ sign (SV ) − δ). (21)

Therefore, the existence condition of the sliding mode can be
satisfied with the following two cases [32].

Case 1: If the reaching point is in a positive position in the
neighborhood field of the created switching surface, SV , i.e.,
SV > 0, then

SV

•
SV = −λk |SV | − λSV (ρsign (SV ) − δ)

= −λk |SV | − λSV (ρ − δ)

< −λk |SV |
< 0. (22)

This leads to

lim
SV →0+

SV

•
SV < 0. (23)

Case 2: If the reaching point is in a negative position in the
neighborhood field of the created switching surface, SV , i.e.,
SV < 0, then

SV

•
SV = −λk |SV | − λSV (ρsign (SV ) − δ)

= −λk |SV | + λSV (ρ + δ)

< −λk |SV |
< 0. (24)
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This results in

lim
SV →0−

SV

•
SV < 0. (25)

From (23) and (25), one can conclude that (19), the exis-
tence condition, can be satisfied by selecting the proper sliding
coefficients, λ and k.

D. Proof of the Tracking Condition

The tracking condition of the sliding mode can be derived
by applying the Lyapunov stability analysis [25], [26]. For this
analysis, a Lyapunov function candidate is designed as

VSV
(Vdc) =

S2
V

2
. (26)

It is positive for any reaching points, expected for the equilib-
rium point Vdc = Vdc,ref . Only when the sliding variable reaches
the equilibrium point, the Lyapunov function VSv will be zero.
Hence, the proposed Lyapunov function VSv is positive definite.

Based on (23) and (25), the derivative of VSv with respect to
time can be obtained as

•
V SV

(Vdc) = SV

•
SV < 0. (27)

Therefore, the derivative of VSv is negative definite.
Theorem: If a Lyapunov function V is positive definite and

its derivative is negative definite, the system is asymptotically
stable at the equilibrium point.

As a result, the designed Lyapunov function VSv complies
with the robustness of Lyapunov stability analysis. Moreover,
the system stables at the equilibrium point (Vdc,ref ), which can
be expressed as

Pac = Pdc = VdcIdc =
V 2

dc,ref

RL
. (28)

Substituting (18) into (17) reveals that when the system tra-
jectory points reach the sliding surface, i.e., SV = 0, the uncer-
tainty disturbance is equal to zero as well, i.e., δ = 0. Then, the
first-order derivative of the voltage error with respect to time
can be rewritten as

•
eV =

•
V dc −

•
V dc,ref = −1

λ
(Vdc − Vdc,ref ). (29)

According to (29), as long as the sliding coefficient λ is pos-
itive, the trajectory points can keep stable at the sliding surface
theoretically. However, as the ac/dc converter is a nonlinear
system, a positive λ can hardly guarantee that all the reaching
points satisfy the stability condition, except for those points
from the vicinity of the stability field. By applying the MPC and
SMC schemes simultaneously in this system, all the trajectory
points can hit and remain stable at the designed sliding surface
only when λ is chosen from an inherent range of the analyzed
set, i.e., λ > 0.

Based on the aforementioned analysis, the nonlinear criteria
to choose the switching state should be as follows.

1) If Vdc > Vdc,ref ⇒ V̇dc < 0 ⇒ therefore choose a
switching state suitable to decrease Vdc .

2) If Vdc < Vdc,ref ⇒ V̇dc > 0 ⇒ therefore choose a
switching state suitable to increase Vdc .

TABLE I
ELECTRIC PARAMETERS OF THE AC/DC CONVERTER

Symbol Quantity Value

L Filter inductance 20 mH
C Filter capacitor 680 μF
RL Load resistance 140 Ω
VLL Grid line-line voltage (RMS) 50 V
f Gird frequency 50 Hz
Vdc DC output voltage 150 V
TS Sample time 50 μs

Fig. 5. Steady-state and dynamic performances. (a) DC voltage. (b) Ac-
tive power. (c) Instantaneous voltage and current of phase A under MPSMC.
(d) Instantaneous voltage and current of phase A under MPPIC.

3) If Vdc = Vdc,ref ⇒ V̇dc = 0 ⇒ therefore choose a
switching state that does not significantly change Vdc .

V. SIMULATION RESULTS

A. Converter Parameters

This section provides the simulation results obtained from
the standard MPPIC and the proposed MPSMC schemes. The
simulations have been carried out in a MATLAB/Simulink envi-
ronment with a detailed ac/dc converter configuration of Fig. 1.
Table I shows the simulation operation and electric parameters
of the converter. It should be noted that when the desired dc-link
voltage is 150 V and the resistive load is 140 Ω, the active power
equals 161 W. The reference reactive power, Qref , is set to be
0 var during all the simulation testing to ensure a unity power
factor operation. Note that taking the overshoot and response
time into consideration, a proper pair of PI parameters is chosen
in the following simulation and experimental tests.

B. Start-Up Dynamic and Steady-State Performance

Fig. 5 shows the start-up and steady-state responses of the
converter controlled by the MPSMC and MPPIC methods,
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Fig. 6. Responses to an unexpected increase of dc voltage demand. (a) DC
voltage. (b) Active power. (c) Phase A voltage and current under MPSMC.
(d) Phase A voltage and current under MPPIC.

separately, to regulate the dc-link voltage at 150 V. As shown in
Fig. 5(a), both methods can control the voltage to the reference
value as required, but the converter controlled by MPSMC can
track the reference voltage much faster than that controlled by
MPPIC. The settling time, which is defined as the time required
to reach zero steady-state error, is about 0.03 s under MPSMC,
which is only 8.57% of 0.35 s, the settling time under MPPIC.
Compared with the 9.13% output voltage overshoot obtained by
the conventional MPPIC scheme, the output voltage overshoot
can be almost eliminated by using MPSMC.

As also shown in Fig. 5(b), the active power under MPSMC
responds much faster than that under MPPIC and has al-
most no undershoot, while both MPSMC and MPPIC deliver
similar steady performance. Fig. 5(c) and (d) illustrates the
performances of phase A grid current under MPSMC and
MPPIC, respectively. The ac current under MPSMC takes
around one cycle time to reach the steady state, whereas the con-
ventional MPPIC algorithm uses about 1.50 cycle time to reach
the steady state with an overshoot much bigger than that under
MPSMC. The ac current responding speed has been increased by
approximately one-third, or 33.33%.

C. Operation Under Load Voltage Demand Variation

Fig. 6 shows the dynamic performances to an unexpected
increase of dc voltage demand under MPSMC and MPPIC,
separately. The dc-link voltage is stepped up from 150 to 180 V
at t = 2 s. As shown in Fig. 6(a), under the standard MPPIC,
it takes 0.10 s to reach the new operation state with no steady-
state error, which is almost three times longer than that under the
proposed MPSMC. On the other hand, the dc-link voltage tracks
the reference value with almost no overshoot under MPSMC,
while under MPPIC, there is an apparent overshoot of 1.78%.

Fig. 6(b) shows the much faster the active power dynamic
response before reaching the steady-state value of 131 W under

Fig. 7. Responses to an unexpected drop of dc voltage demand. (a) DC voltage.
(b) Active power. (c) Phase A voltage and current under MPSMC. (d) Phase A
voltage and current under MPPIC.

MPSMC than that under MPPIC. Fig. 6(c) and (d) presents
similar dynamic and steady-state performances of ac currents
obtained under MPSMC and MPPIC, respectively.

Compared to the response when a step change is applied in the
dc voltage, similar dynamic and steady-state performances can
also be achieved when a suddenly drop voltage is imposed. In
Fig. 7(a) and (b), both the dc voltage and active power obtained
from the proposed MPSMC and the standard MPPIC schemes
can track the reference values and reach the updated steady
states. Fig. 7(c) and (d) shows the similar dynamic performances
of grid currents obtained from two strategies, respectively.

D. Operation Under Load Resistance Variation

A sharp load resistance decrement from 280 to 140 Ω at time
instant 2 s is applied to the system, as illustrated in Fig. 8. By
following the designed control law based on the system model,
the output voltage can avoid excessive distortion in MPSMC.
Although the MPPIC can recover to the original voltage within
a finite time length, the settling time, equal to 0.6 s, is much
longer than the proposed method, and the undershoot, equal to
2%, can hardly be avoided. The proposed MPSMC performance
exhibits a fast response with no undershoot on the load voltage,
as well as the active power, as illustrated in Fig. 8(a) and (b).
Note that the transient currents on the grid side obtained from
the MPSMC and MPPIC strategies present similar performance
in Fig. 8(c) and (d), respectively.

VI. EXPERIMENTAL RESULTS

A laboratory prototype of the ac/dc converter, as shown in
Fig. 9, is developed to verify the proposed MPSMC and the
MPPIC schemes. A three-phase variac is used to achieve a
50-V/50-Hz power supply voltage. A 6MBP50RA-060-55
three-phase IGBT module from Fuji Electric is used as the
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Fig. 8. Unexpected load variation condition. (a) DC voltage. (b) Active power.
(c) Instantaneous voltage and current of phase A in MPSMC. (d) Instantaneous
voltage and current of phase A in MPPIC.

Fig. 9. Experimental setup of the ac/dc converter: (1) dc resistive load, (2) dc
power supply, (3) dSPACE, (4) inductors, (5) dc capacitor C, (6) ac/dc converter,
and (7) control unit.

three-phase ac/dc converter. A 680-μF dc capacitor and a
140-Ω resistive load with a current limitation of about 1.5 A
are connected in parallel on the dc side. The experimental tests
are performed under the same conditions as the simulation, and
with the same parameters as listed in Table I. Four LEM volt-
age sensors (LEM LV 25-P) and three LEM current sensors
(LEM LA 25-NP) are used to measure the dc-link voltage, grid
voltages, and grid currents, respectively.

The experimental tests of the proposed MPSMC and the con-
ventional MPPIC methods are carried out by applying the real-
time interface system dSPACE with a DS1104 control desk. This
control desk works together with MATLAB/Simulink-R2009.
Both control schemes are implemented in C language, and the
computations are performed on the dSPACE DS1104 controller
board. The sampling frequency is 10 kHz in the experimental

tests. The data recording and reference values are observed and
set via the dSPCE ControlDesk environment. The experimental
results are obtained for both MPSMC and MPPIC schemes dur-
ing various disturbance operations. The reactive power is set to
0 var to achieve a unit power factor. Since it takes a long time for
the system to reach the new operation with no steady-state error
by using the conventional MPPIC method, the response time
for the MPPIC scheme in the following experimental results is
realistically defined as the time for the system to reach a new
operating condition within 1% steady-state error.

A. Selection of PI Parameters for the MPPIC Method

In order to choose the best MPPIC method performances
to compare with MPSMC, the standard rule to design the PI
controller proportional and integral parameters, denoted as Kp

and Ki , respectively, is used in this paper [33].
A parameter z defined as

z =
V 2

dc

2
(30)

is introduced to analyze the system plant.
Then, the first-order derivation of z can be written as

•
z = Vdc

•
V dc . (31)

Equation (12) can then be rewritten as

Pref = C
•
z +

2z

RL
. (32)

The system plant can be expressed as

G(s) =
z

Pref
=

RL

2
RL C

2 s + 1
. (33)

Based on the standard rules in [33, Table 4.5], the rate of
Kp/Ki is calculated by using

Kp

Ki
=

ξ2R2
LC

(1 + RL

2 )
2 (34)

where ξ is the damping ratio of the system and recommended
to be set as 0.707.

Based on this design principle, the PI parameters Kp and Ki

are fine tuned for each specific operation condition. The selec-
tion process is analyzed and the obtained dc-link voltage perfor-
mances with different controller parameter values are compared.

Fig. 10 shows the different voltage performances with varying
Kp values and a constant Ki . With the same reference, the
overshoot and response time will be affected by the gains of the
PI controller. As shown in Fig. 10, the output voltage can reach
the reference value much faster with a larger proportional part.
On the other hand, this increased Kp leads to an overshoot on
the voltage. Taking both the overshoot and response times into
consideration, an appropriate Kp , which equals 0.15, is selected
for this test.

Once the gain of Kp is adopted, the integral parameter Ki is
chosen based on the steady-state error and the oscillation. It can
be observed from Fig. 11 that the dc voltage is able to achieve
the target under different Ki gains. The steady-state error is kept
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Fig. 10. Vdc performances with different Kp gains for voltage variation operations.

Fig. 11. Vdc response to voltage demand step increase with different Ki gains.

within 2% of the expected value. However, when the Ki is small,
as shown in Fig. 11(a), the output keeps increasing to reach the
reference without any error. This takes a long settling time for
the system. While with a larger value of Ki in Fig. 11(c), this
yields a faster response, but also a larger amplitude of oscillation.
Considering these two factors, a Ki coefficient of 600 is devised
for this system. Therefore, a PI controller with Kp and Ki , equal
to 0.15 and 600, respectively, is designed for voltage variation
operations.

It is noticeable that if the same parameters are used in load
variation operation, as described in Fig. 12(a), the undershoot
is comparatively large, which is not the best performance for
MPPIC. From Fig. 12, it can be seen that the larger coefficient
Kp the system has, the less undershoot the dc-link voltage will
perform, as long as the system is stable. Therefore, the Kp with
0.3 is tuned manually to get better performances in the load
variation comparison study. Based on the above analysis, it can
be seen that automatic tuning is significant and necessary for the
PI controller to achieve better steady and dynamic performances.

The oscillations that are observed in Figs. 10–12 are due to
the background noise, analog-to-digital conversion error, limited
vectors in the MPC method, and certain uncontrollable practical
factors.

B. Comparison of MPSMC and MPPIC Schemes

The dynamic performances of the standard and proposed
methods with the dc-link voltage demand variations are experi-
mentally compared in Figs. 13 and 14. It can be seen clearly
that the output dc-link voltage can be regulated to the de-
sired value by both proposed MPSMC and traditional MPPIC
methods. The dc voltage reference steps from 150 to 180 V at

0.3374 s. It takes 0.0177 s for the system controlled by the pro-
posed MPSMC method to reach the new steady state, which is
much shorter than 0.0253 s by the conventional MPPIC scheme
with 1% steady-state error. The response time has been reduced
by 30%. From Fig. 13(b), it can be observed that there is an
obvious overshoot of the dc-link voltage by using the traditional
method. Similar performances of active and reactive powers for
both schemes are illustrated in Fig. 13(c) and (d), respectively.
For both two algorithms, an overshoot is introduced on the ac-
tive power and the PQ coupling cannot be eliminated. When the
active power increases, there is an obvious spike on the reac-
tive power obtained from the MPPIC strategy. Fig. 13(e) and (f)
depicts the grid currents of phase A for the two control strate-
gies. The current dynamic response obtained by the MPSMC
method also presents a much faster speed than that by the MP-
PIC method. The grid current response time is similar to that for
the dc voltage obtained from the corresponding scheme within
1% steady-state error.

Fig. 14 presents the dynamic and steady performances of the
two methods when a reduction of the voltage demand is applied.
The dc voltage obtained from MPPIC has a steady-state error
of approximately 1.3% for the operating point, while the error
for MPSMC is zero. This means that a much longer response
time is required for MPPIC to track the reference value with
zero steady-state error. The reason of this steady-state error is
that the PI control parameters are selected to ensure that the sys-
tem will operate effectively when a 180-V voltage reference is
employed. During the operation, this pair of parameters is fixed
and constant. However, these selected parameters are not the
best choice for the new working condition when the voltage ref-
erence is reduced to 150 V. It is impossible for them to be tuned
automatically based on different operations, which leads to a
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Fig. 12. Vdc performances with different Kp gains for the load variation operation.

Fig. 13. Experimental results of sudden increase of dc voltage. (a) DC voltage of MPSMC. (b) DC voltage of MPPIC. (c) Active power. (d) Reactive power.
(e) Instantaneous voltage and current of phase A in MPSMC. (f) Instantaneous voltage and current of phase A in MPPIC.

Fig. 14. Experimental results of unexpected decrease demand of dc voltage. (a) DC voltage of MPSMC. (b) DC voltage of MPPIC. (c) Active power. (d) Reactive
power. (e) Instantaneous voltage and current of phase A in MPSMC. (f) Instantaneous voltage and current of phase A in MPPIC.
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Fig. 15. Experimental results of unexpected increase demand of dc voltage. (a) DC voltage of MPSMC. (b) DC voltage of MPPIC. (c) Active power. (d) Reactive
power. (e) Instantaneous voltage and current of phase A in MPSMC. (f) Instantaneous voltage and current of phase A in MPPIC.

long response time. Compared with the dynamic performances
of MPPIC, similar performances of active power, reactive power,
and ac current are shown in Fig. 14(c)–(f), respectively. With the
selected PI parameters, the system voltage inclines to decrease
rather than increase, which yields no overshoot. Therefore, the
current during the voltage drop operation is different from that
during the voltage increase operation, which can also be proved
in the simulation result.

The dynamic responses to the external load disturbance by
applying MPSMC and MPPIC strategies are exhibited in Fig. 15,
where the external load is suddenly changing from 280 to 140 Ω
at time instant 3.399 s. As the sliding surface is designed based
on the model, the dc-link voltage can reach the new steady state
almost immediately, as shown in Fig. 15(a). Fig. 15(b) shows
the experimental dc-link voltage waveform for the conventional
MPPIC. It has an undershoot of the dc voltage and takes around
1.5 s to track the reference after the load variation. It can be
verified that the control performance by using the proposed
method is improved, since the undershoot can be eliminated.
Fig. 15(c)–(f) shows that the dynamic performances for active
power and grid current are much similar for both schemes,
respectively.

VII. DISCUSSION

Table II summarizes the settling time of simulation and ex-
perimental tests by using the proposed MPSMC and MPPIC
algorithms. The response time for the simulation results is
from the starting point to the steady point when the output
hits the reference with no steady-state error. For the experimen-
tal results, due to the signal transmission and acquisition, the
settling time with no steady-state error is longer than the simu-
lation results. In order to analyze the dynamic performance, the
response time is defined from the starting point to the final point

TABLE II
SETTLING TIME FOR SIMULATION AND EXPERIMENTAL TESTS

Operation Control schemes MPSMC MPPIC

Voltage increase Simulation results 0.03 s 0.35 s
Experimental results (Within

1% steady-state error)
0.0177 s 0.0253 s

Voltage decrease Simulation results 0.025 s 0.025 s
Experimental results (Within

1% steady-state error)
0.02 s 0.03 s

Load variation Simulation results <0.01 s 0.6 s
Experimental results

(Steady-state error is 0)
<0.1 s 1.5 s

within 1% steady-state error for voltage variation operations.
Therefore, the results obtained from the experimental tests are
much shorter than those from the simulation test during voltage
varying operation. It can be seen from Table II that the settling
times obtained from MPSMC are much shorter than that from
MPPIC for both simulation and experimental tests. For the load
variation operation, in order to observe the steady-state perfor-
mance, the settling time is compared when the output hits the
reference value with no error. As shown by both simulation and
experimental results, the proposed MPSMC exhibits better per-
formance than the traditional MPPIC. Due to the use of space
voltage vectors, the switching frequencies for both MPPIC and
MPSMC methods are not constant.

There is an inrush current in the simulation results of MPSMC
or MPPIC, as shown in Fig. 5. The reason is that the grid source
with a 50-V amplitude was connected all the time. When we
started the system, there was an inrush current at the begin-
ning. In the experiment, for safety reason, a variac is connected
between the power grid and the system. The voltage increases
slowly from 0 V to the expected value. By increasing the power
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supply slowly, the inrush current can be limited. However, since
the actual system will be connected to the power grid directly,
it will cause a large inrush current that may destroy or reduce
the lifetime of the semiconductor as well as false-trigger the
protection circuit in the ac power supply. Nevertheless, a bypass
diode or a soft-start procedure can be added in this situation to
reduce and limit the inrush current.

VIII. CONCLUSION

In this paper, a novel MPSMC technique is proposed and im-
plemented for an ac/dc converter. The proposed control method
is compared with an MPPIC, which is based on the system model
and the designed cost function. According to the objectives and
parameter references, it is possible to select an optimal switch-
ing state to achieve the target. The PI controller is applied to
generate the active power reference in the control loop. During
the operation, the system will encounter some transient distur-
bances, such as voltage and load demand variations. However,
the parameter values of the PI controller are constant, which is
hard to adjust along with system disturbances. MPSMC com-
bines the main advantages of an MPPIC and SMC schemes,
such as the ability to achieve multiobjective control and sim-
ple implement. The designed surface of SMC is based on the
system model. This design can help it track the references and
load resistance much more accurately and faster. The proposed
MPSMC method is validated by extensive simulation and ex-
perimental testing in comparison with MPPIC. The results show
that with the same demand variation, the MPSMC technique
has a faster dynamic response and no steady-state error of the
dc-link voltage compared with the MPPIC scheme. The effect
of improvements depends on the variations of different system
disturbances and demands. On the other hand, the dynamic and
steady-state performances of active power, reactive power, and
grid currents obtained from MPSMC are much better than those
achieved from MPPIC.
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