
 

 
Abstract—For three-phase voltage source converters (VSC), 

current control in d-q reference frame (RF) and direct power 
control (DPC) under balanced voltage conditions (BVC) are 
regulation problems, and current control in the α-β RF (CCAB) 
is a tracking problem. Conventional sliding mode control-based 
proportional controllers are sometimes adopted for current and 
power regulation, proportional plus resonant controllers are 
often used for CCAB. However, these controllers cannot ensure 
accurate current and power control due to time delays in the 
control loops. In this paper, practical SMC-based regulation and 
tracking controllers for VSC are designed. For current and 
power regulation, an integral SMC controller of which integral 
actions are included in both the control law and the sliding 
manifold is proposed. For CCAB, a current tracking controller, 
including proportional, resonant and derivative control laws is 
presented. System stability in Lyapunov sense is guaranteed and 
convergence of the state errors to zero is strictly proved based on 
Barbalat’ Lemma. Finally, simulation studies on DPC under 
BVC and on CCAB are conducted to verify the effectiveness and 
to demonstrate superiority of the proposed controllers. 
 

Index Terms—Voltage source converter, sliding mode control, 
current control, direct power control, tracking control 
 

I. INTRODUCTION 

N recent years, application of three-phase voltage source 
converter (VSC) has been increasing rapidly in different 

industrial sectors, owing to advantages such as flexible power 
control, high power quality, minimization of filters, etc [1-5]. 
However, the operating conditions of electric power system 
change frequently and violently; parameter uncertainty and 
various kinds of disturbance are common. Thus, a control 
system that provides high performance and strong robustness 
of the VSC is of great importance.  

Current control and direct power control (DPC) are the two 
most frequently adopted strategies for VSC [6-7]. Based on 
characteristics of the controlled variables, current control and 
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DPC can be classified into regulation and tracking problems. 
Current control in d-q reference frame (RF) and DPC under 
balanced voltage conditions (BVC) are regulation problems, 
and current control in the static two-phase (α-β) RF (CCAB) 
is a tracking problem. 

Regarding current and power regulation for VSC, sliding 
mode control (SMC)-based strategies are studied extensively 
to improve system robustness. In [8], a SMC-based current 
control strategy for high voltage direct current (VSC-HVDC) 
system is proposed. In [9], a SMC-based DPC strategy for 
grid-connected inverter (GCI) under both balanced and 
unbalanced grid voltage conditions is proposed. In [10,11], 
DPC strategies using SMC approach for doubly fed induction 
generator (DFIG) under unbalanced grid voltage conditions 
are presented. However, in the previous current control and 
DPC strategies, as the current and power dynamics have a 
relative degree of one, the (d- and q-axis) current errors and 
(active and reactive) power errors are used as corresponding 
sliding manifolds (SM), following the conventional SMC 
(CSMC) design process. Consequently, the designed current 
and power controllers are in essence SMC-based proportional 
controllers. 

SMC-based DPC strategies for GCI and DFIG system with 
integral SM are proposed in [12] and [13,14], respectively. 
However, integral actions are contained only in the switching 
functions. The controllers are still equivalent to proportional 
controllers from control force’s point of view. In fact, as large 
time delays exist in the control loops, current or power control 
errors can be reduced to some extent but cannot be fully 
eliminated by the CSMC-based proportional controllers. The 
authors of [15] discovered this point in CSMC-based control 
for dc-dc converters and revealed steady state errors increase 
with the decrease of switching frequency. However, double 
integral SM is used to remedy this deficiency. In [16-17], this 
problem is solved through inclusion of integral actions in the 
control laws and the SMs. However, working principle and 
features of the designed controllers are not analyzed. 

Regarding CCAB, as the currents in α-β RF are sinusoidal 
signals, proportional plus resonant (PR) controllers are often 
adopted aiming at achieving accurate current control. In [18], 
PR-based current control for VSC-HVDC system is presented. 
In [19,20], PR-based current control for modular multi-level 
converter HVDC system is presented. In the PR controllers, 
function of the resonant control law is to provide infinite gain 
at the resonant frequency, and thus steady state errors can be 
eliminated at this interested frequency. However, due to large 
time delays exist in the control loops, accurate current control 
cannot be achieved simply with PR controllers, and moreover, 
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system robustness is not guaranteed. In [21], a reduced order 
integrator is presented for GCI to control power errors under 
unbalanced grid voltage conditions. However, this method is 
complex and system robustness is not addressed. 

In this paper, practical SMC-based regulation and tracking 
controllers for VSC are designed. For current and power 
regulation, an integral SMC (ISMC) controller with integral 
actions included in the control law and the SM is proposed. 
For CCAB, a SMC-based current tracking (SMCT) controller, 
including proportional, resonant and derivative control laws 
is presented. For both of the controllers, strict design process 
is followed, system stability in Lyapunov sense is guaranteed 
and convergence of the state errors to zero is strictly proved 
based on Barbalat’ Lemma. Finally, comparative simulation 
studies on DPC under BVC and on CCAB are conducted to 
verify the effectiveness and to demonstrate superiority of the 
proposed controllers. 

The paper is organized as follows. In section Ⅱ, dynamic 
model of VSC for DPC in 𝛼-𝛽 RF is developed; the CSMC 
controller and the ISMC controller are designed. In section Ⅲ, 
current dynamic model for CCAB is developed and the 
SMCT controller is designed. In section Ⅳ, simulation results 
are presented and section Ⅴ concludes the paper. 

II. ISMC-BASED DPC FOR VSC 

Schematic of three-phase VSC is as shown in Fig.1. In the 
figure, ea, eb, ec, and ia, ib, ic represent grid voltage and current, 
respectively; va, vb, vc represent the converter pole voltage; L 
and R represent ac line inductance and resistance, Vdc  and C 
represent dc bus voltage and dc bus capacitor, respectively. 
It’s assumed that the grid voltage is three-phase balanced and 
the grid frequency is 50 Hz. 

 

Fig. 1.  Schematic of three-phase VSC. 

A. Instantaneous Power Dynamic Model 

Power dynamic model of VSC is developed in α-β RF. For 
DPC, the equivalent circuit is shown in Fig.2, where Eαβ, Vαβ 
denote complex vectors of the grid voltage and converter pole 
voltage, and Iαβ denotes complex vector of the grid current. 

E V

IR L

 

Fig. 2.  Equivalent circuit of VSC for direct power control. 

From Fig.1 and Fig.2, we can have: 
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di

e L Ri v
dt


  


  

   

   

 (1) 

where eα, eβ, iα, and iβ are the α- and β-axis grid voltage and 
current components, and vα, vβ the α- and β-axis converter 
pole voltage components. 

Define: 
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where Em, Im are amplitudes and θe, θi the initial phases of grid 
voltage and current, respectively. 

The instantaneous active power (P) and reactive power (Q) 
at the point of common coupling (PCC) are: 

*3
j

2
P Q E I     (3) 
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and *I  is the complex conjugate of Iαβ. 

Substituting (4) into (3) and through some mathematical 
manipulations, P and Q can be calculated as: 
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 (5) 

Variations of P and Q can be calculated from (5) as: 
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According to (2), instantaneous variations of grid voltage 
can be expressed as: 
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According to (1), instantaneous variations of grid current 
can be obtained as: 

 
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Substituting (7) and (8) into (6), and through some 
mathematical manipulations, we have: 
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 (9) 

B. The CSMC Controller 

Denote Pe=P−Pr, Qe=Q−Qr the active and reactive power 
errors, and Pr, Qr the respective power references. Taking Pe 
and Qe as new state variables, (9) can be expressed as: 
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Define: 

 Te ex P Q  

Considering parameter uncertainty and disturbances in the 
system, (10) can be expressed in a compact form as: 

     1 1 0 1 ,x F x G x u t x    (11) 

where u0=[v0α v0β]
T denotes the control input, G1(x) denotes 

the control gain matrix, F1(x)=[F1P(x) F1Q(x)]T denotes the 
nonlinear functions in the dynamic equations, δ1(t,x) denotes 
the lumped uncertainty introduced by parameter uncertainty 
and external disturbances, with: 
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Assume  1 ,t x  satisfies:  

   1 1,t x x   

where       T
1 1 1[ ] P Qx x x    with: 

1 1 M| ( ) | P Px  , 11 M| ( ) | QQ x  . 

In the following, arguments of various functions will not be 
written for the sake of convenience. 

Define the SM as: 

 T T

0 0 0 e e  P QS S S P Q     (15) 

Utilizing T
0 0 00.5U S S  as the Lyapunov function candidate, 

then, derivative of 0U  along system state trajectories can be 

obtained as: 

 T T
0 0 0 0 1 1 0 1U S S S F G u      (16) 

If the control law is designed as: 
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where: 
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with 1 1, 0P QK K  , and diag(a1, a2) denotes a diagonal matrix 

with a1 and a2 as the main diagonal elements, and: 
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Then, we have: 
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According to Barbalat’s lemma, we can conclude 0 0,  P QS S  

asymptotically converge to the equilibrium point.  
To reduce the chattering, the signum function in (17) is 

often replaced with a high-slope saturation function as: 
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where subscript ,  m P Q , and 0 0m   denotes width of the 

boundary layer. 
Block diagram of the CSMC controller is as shown in Fig.3. 

We can see from the figure the CSMC controller is in essence 
a SMC-based proportional controller. This means that it alone 

cannot provide accurate power control when time delays in 
the control loop are non-negligible. For rectifier and inverter 
operation mode, structures of the control system are different; 
working principles of the CSMC controller for these two 
modes are described as follows. 

When the VSC is operated in the rectifier mode, the active 
power control loop is cascaded with the dc voltage control 
loop. For active power control, the following power balance 
relationship holds. 

2
ac dc dc LP P V R   (20) 

where Pac is the active power supplied by the ac system and 
Pdc is the power consumed in the dc system, including the loss 
consumed in the circuits. Therefore, if Vdc is controlled at the 
nominal value through PI controller, P equals the actual active 
power demand. For reactive power control, there’s only the 
control force provided by the CSMC controller. Under this 
circumstance, the steady state power errors cannot be fully 
eliminated, especially for high power VSC-based applications. 
Moreover, to reduce the errors, high proportional gains have 
to be adopted, which poses potential threats on performance 
as well as stability of the system. 

 1

1

G x



0

 

Fig. 3.  Block diagram of the CSMC controller. 

When operated as grid-connected inverters, structure of the 
control system for VSC is symmetric. There’s only the control 
force provided by the CSMC controller. As a consequence, 
non-zero steady state errors will be produced for both active 
and reactive power control sub-systems. 

C. The ISMC Controller 

To eliminate steady state power errors, integral actions are 
necessary. To this purpose, define: 

T

0 e ex P Q     ,  T1 e ex P Q . 

Express (11) and the x0 dynamic in a compact form as: 
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Define the integral SM as: 
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 (22) 

Utilizing T
1 1 10.5U S S  as the Lyapunov function candidate, 

then, derivative of U1 along system state trajectories can be 
obtained as: 

 T T
1 1 1 1 1 1 1 1 1 1U S S S F K x G u       (23) 

If the control law is designed as: 
 1

1 1 1 1 1 1S 1 1u G F K x K S v      (24) 

where: 

 1S 1S 1S,P QK diag K K  
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for some K1SP, K1SQ >0, and v1 is: 

        T

1 1 1 1 1 1 1,P Q P Qv sign S diag sign S sign S         (25) 

with 1 1 M 1 1 M,P P Q Q     .  

Then, we have: 

   T
1 1 1S 1 1 1 M 1 1 1 M 1 0P P P Q Q QU S K S S S           

Therefore, the system is asymptotically stable according to 
Barbalat’s lemma. Then, x1→0 can be proved from definition 
of the sliding manifold S1 in (22). 

In (24), there’s no need to replace the signum function with 
high slope saturation functions. This is because the integral of 
the active and reactive power errors and thereby the SMs are 
not zero under steady state, thus the chattering problem faced 
by the CSMC controller is solved naturally. 

One thing to note is that if the control law u1 is designed as: 
 1

1 1 1 1 1u G F K x v     (26) 

which is adopted in [13-15], we will get: 

   1 1 1 M 1 1 1 M 1 0P P P Q Q QU S S          

However, integral actions are included in the switching 
function only, which makes it equivalent to a proportional 
controller from control force’s point of view. Consequently, 
steady state errors cannot be fully eliminated. 

III. SMC-BASED CURRENT TRACKING CONTROL 

A. Current Dynamic Model 

Denote iαe = iα−iαr and iβe = iβ−iβr the 𝛼- and 𝛽-axis current 
errors and iαr and iβr the respective references. Taking current 
errors as the new state variables, Eq. (2) can be expressed as: 
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    (27) 

where y = [iαe iβe]
T denotes the state variable, u2 = [v2α v2β]

T 
denotes the control input, F2(y) = [F2α(y) F2β(y)]T denotes the 
nonlinear functions in dynamic equations, G2(y) denotes the 
control gain matrix, δ2(y,u2) = [δ2α(y,u2) δ2β(y,u2)]

T denotes 
the lumped uncertainty introduced by parameter uncertainty 
and external disturbances, with: 
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Assume δ2(y,u2) satisfies: 

   2 2 2 M 2 2 2 M, ,  ,y u y u         

for some positive real numbers ρ2αM and ρ2βM. 

B. The SMCT Controller 

The sliding manifolds for the 𝛼- and 𝛽-axis current control 
sub-systems are defined as: 
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where: 
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for some KRα, KRβ> 0. 
In (31), ωc is the bandwidth parameter of the generalized ac 

integrator (GI), and it determines the effective bandwidth of 
the GI. Here, we use the non-ideal GI instead of the ideal one 
to make it adapts to frequency variations.  

Then, derivative of S2 can be calculated as: 

 2 2 2 2 2 RS F G u K DGI y     (32) 
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Utilizing T
2 2 20.5U S S  as the Lyapunov function candidate, 

then, derivative of U2 along system state trajectories can be 
obtained as: 

 T T
2 2 2 2 2 2 2 R 2U S S S F G u K DGI y        

  (33) 

If the control law is designed as: 
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where v2 is: 

        T

2 2 2 2 2 2 2,v sign S diag sign S sign S            (35) 

and: 

 2S 2S 2S,K diag K K   

for some η2α> ρ2αM, η2β> ρ2βM, and K2Sα, K2Sβ> 0.  
Then, we have: 

   T
2 2 2S 2 2 2 M 2 2 2 2 0MU S K S S S                

Therefore, the system is asymptotically stable according to 
Barbalat’s lemma. Then, y→0 can be proved from definition 
of the sliding manifold S2 in (31). 

IV. SIMULATION STUDIES AND RESULTS 

A. General Configuration 

Main parameters of the VSC studied are listed in Table I. 
The switching frequency is 2.0 kHz, and the control period is 
100 μs. Considering time delays exist in the control loops, a 
delay of 100 μs is inserted between the modulation reference 
output and the space vector pulse width modulation generator. 
Besides, a dead time of 2 μs is set for the gate on signals of 
each switching device. 

TABLE I 
ELECTRICAL PARAMETERS OF THE VSC STUDIED 

Parameters Values Parameters Values 

AC input voltage 660 VL-L Rated power 500 kW 

Nominal dc voltage 1500 V AC inductance 1.8 mH 

AC resistance 12 mΩ DC capacitance 30 mF 

In the simulation, main parameters of the controllers used 
are as listed in Table Ⅱ. 

TABLE Ⅱ 
MAIN PARAMETERS OF THE PROPOSED CONTROLLERS 

Parameters Values Parameters Values 

K1P, K1Q 50,50 K1SP, K1SQ 1500,1500 

K2SP, K2SQ 1200,1200 KRP, KRQ 30,30 

In the simulation results, per-unit values are used. The base 
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voltages are 540 V for ac system and 1500 V for dc system, 
the base power is 500 kVA.  In the results, the subscripts “rec” 
and “inv” denotes the rectifier and inverter operation modes 
respectively, and the subscripts “r” denotes the references of 
respective variables. 

B. Simulation Results 

In Fig.4 and Fig.5, performance of the ISMC controller is 
compared with the CSMC controller. 

In Fig.4 (a) and (b), responses of VSC operated as rectifier 
to active and reactive power step changes by the CSMC and 
ISMC controllers are shown respectively. As ac voltage and 
current are symmetric, only the voltage and current of phase A 
are shown. 

 
(a) 

 
(b) 

Fig. 4.  Responses of the VSC operated as rectifier to power step changes for 
DC bus voltage (Vdc), phase A current (ia), active power (P), reactive power 
(Q), by the (a) CSMC controller and the (b) ISMC controller. 

From Fig.4 (a) we can see that active power, and thus the dc 
bus voltage is controlled accurately, owing to integral actions 
provided by the outer dc bus voltage (PI) controller. However, 
there’re obvious steady state errors in the reactive power, due 
to lack of integral actions. 

We can see from Fig.4 (b) that system responses by the 
ISMC controllers are satisfactory in terms of both transient 
and steady state performance. The response speeds of active 
and reactive power control sub-systems to power step changes 
are fast, the steady state power errors are fully eliminated. 

In Fig.5, responses of VSC operated as inverter to power 
step changes are shown. As dc bus voltage is not controlled in 
this operation mode, it’s not shown here. 

 
(a) 

 
(b) 

Fig. 5.  Responses of the VSC operated as inverter to power step changes for 
phase A current (ia), active power (P), reactive power (Q), by the (a) CSMC 
controller and the (b) ISMC controller. 

 
(a) 

 
(b) 

Fig. 6.  Responses of the VSC operated as rectifier to power step changes for 
DC bus voltage (Vdc), ac current (i𝛼), active power (P), reactive power (Q), 
by the (a) PR controller and the (b) SMCT controller. 

From Fig.5 (a) and (b) we can see that there’re steady state 
errors in both the active and reactive power outputs by the 
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CSMC controller, and satisfactory transient and steady state 
performance are obtained by the ISMC controller.  

In Fig.6 and Fig.7, performance of the SMCT controller is 
compared with the PR controller. To show current tracking 
performance of these controllers, the α-axis ac current and its 
reference are shown. 

In Fig.6 (a) and (b), responses of VSC operated as rectifier 
to active and reactive power step changes by the PR and 
SMCT controllers are shown respectively.  

From Fig.6 (a) we can see there’re steady state errors in the 
reactive power outputs by the PR controller. The active power 
can be accurately controlled due to the outer dc voltage (PI) 
control loop. From Fig.6 (b) we can see satisfactory transient 
and steady state performance are obtained by the proposed 
SMCT controller. Fast response speeds and low overshoots 
are obtained, and both active and reactive power terms are 
accurately controlled. We can also see that there’re current 
tracking errors for the PR controller, and current outputs track 
accurately their references for the SMCT controller. 

In Fig.7, responses of VSC operated as inverter to power 
step changes are shown. As dc link voltage is not controlled in 
this operation mode, it’s not shown in the figures. 

 
(a) 

 
(b) 

Fig. 7.  Responses of the VSC operated as inverter to power step changes for 
ac current (i𝛼), active power (P), reactive power (Q), by the (a) PR controller 
and the (b) SMCT controller. 

From Fig.7 (a) we can observe obvious steady state errors 
in the active and reactive power outputs by the PR controller, 
and there’re also obvious current tracking errors. We can see 
from Fig.7 (b) that the current reference is accurately tracked 
and as a result, both the active and reactive power terms are 
accurately controlled.  

V. CONCLUSIONS 

This paper addresses practical SMC-based controllers for 
VSC. As time delays are inevitable in VSC-based systems, 
accurate current and power regulation cannot be obtained if 

integral actions are not included, and current tracking errors 
will also be produced if PR controller is adopted. The CSMC 
controller is in essence a SMC-based proportional controller 
and thus steady state errors cannot be eliminated. The ISMC 
controller includes the integral actions, so that it’s capable of 
eliminating fully the steady state errors. The SMCT controller 
includes proportional, resonant and derivative laws, which 
makes it an excellent tracking controller. Besides, derivatives 
of the current references are obtained by simple algebraic 
operations. This simplifies significantly the controller design. 
In designing the ISMC and the SMCT controllers, system 
stability in Lyapunov sense are guaranteed and convergence 
of the state errors to zero are proved based on Barbalat’s 
Lemma. The theoretical analysis and simulation results are in 
good agreement, which verifies effectiveness and superiority 
of the proposed controllers. 
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