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Abstract. For the integration of distributed generation (DG) units to the utility 
grid, voltage source converter (VSC) is the key technology. In order to realize 
high quality power injection, different control techniques have been adopted. 
However, the converter-based DG interface is subject to inevitable uncertain-
ties, which adversely influence the performance of the controller.    The inter-
facing impedance seen by the VSC may considerably vary in real distribution 
networks. It can be observed that the stability of the DG interface is highly sen-
sitive to the impacts of interfacing impedance changes so that the controller 
cannot inject appropriate currents. To deal with the instability problem, this pa-
per proposes an enhanced fractional order active sliding mode control scheme 
for integration of DG units to the utility grid, which is much less sensitive to in-
terfacing impedance variations. A fractional sliding surface which demonstrates 
the desired dynamics of the system is developed and then the controller is de-
signed in two phases: sliding phase and reaching phase to keep the control loop 
stable. The proposed controller takes a role to provide high quality power injec-
tion and ensures precise current tracking and fast response despite uncertainties. 
Theoretical analyses and simulation results are verified to study the performance 

and feasibility of the proposed control scheme.  
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1 Introduction 

The power network is experiencing structural changes due to increasing concerns 
about greenhouse gas emissions, energy cost, and security of conventional power 
generations as more distributed generations (DGs) are integrated to the utility grid [1]. 
These DG technologies are mainly used to deliver clean energy from renewable ener-
gy sources such as solar power, wind power, micro turbine generation plants and fuel 
cell plants, through power electronic voltage source converters (VSCs) [2].  
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Stable operation of the control loop in DG system is an important aspect; an insta-
ble control loop cannot inject desired power from DG source to the grid. The interfac-
ing impedance seen by the VSC may noticeably change depending on the configura-
tion of the utility grid (as DG units are commonly installed in weak grids), output 
filter design, and grid synchronization techniques. Also some phenomena such as 
cable overload, temperature effect, and saturation often further aggravate the problem.  

Uncertainties in the impedance seen by the VSC leads to instability in the control 
of DG interfacing system since the stability is so sensitive to the interfacing imped-
ance variations. As a result of instable controller, the DG system cannot inject the 
expected currents or persistent oscillations may exist in the injected currents. Hence, 
it seems crucial to design a control structure for the DG system, which is insensitive 
to the variations of interfacing impedance. 

Several control methods and studies have been reported for integration of DG 
sources into the power grid, however, few works have addressed instability problems 
of interfaced converters in DG technology. Influence of grid impedance on current 
control loop have been investigated in [3] and a control technique based on adjusting 
the controller gain was proposed to stabilize interfaced VSC; however, it needs prob-
lematic online measurement of interfacing impedance; moreover, changing controller 
gain may deteriorate other capabilities such as disturbance rejection. An adaptive 
grid-voltage sensorless control method has been presented in [4] for converter-based 
DG units, which needs an additional interfacing parameter estimator in a parallel 
structure to deal with the stability problem. Reference [5] proposed a model reference 
adaptive control to connect DG units to utility grid through a LCL filter; nevertheless, 
it uses converter output current as the feedback signal to the controller, which may 
result in the resonance of the grid current due to the interaction of converter output 
harmonic current and the resonant circuit formed by the grid inductor and filter capac-
itor. An impedance-based stability criterion has been verified in [6], which discusses 
the condition in which a grid-connected converter is stable, but it does not present a 
proper control solution for the instability problem. Effects of grid impedance varia-
tions on the stability of the interfaced converter have been investigated in [7]. It has 
been demonstrated that when either the inductance of the grid increases or the induct-
ance and resistance of the grid increase together, the system stability is adversely 
affected. Also, [7] proposes an H∞ controller to deal with the instability problem; 
however, its implementation and obtaining weighting-functions in such systems are 
very hard. 

Hence, an effective control method is proposed in this paper, which combines frac-
tional order control (FOC) with an active sliding mode control (ASMC). FOC, which 
is the use of non-integer order derivatives and integrals, has been realized as an alter-
native scheme for solving control problems [8,9]. Applying the notion of fractional 
order for managing control problems is a step closer to the practical situations since 
the real world processes are mostly fractional. Some models of fractional order and 
fractional calculus have been developed to solve different control problems [10,11]. 
Sliding mode control is a particular type of variable structure control systems de-
signed to drive and then maintain the system states within a close neighborhood of the 
decision rule, and is well-known for its robustness to parameter variations and dis-
turbances [12,13]. Therefore, combining fractional order approaches together with 
sliding mode control has attracted significant interest [14-16].  

The objective of this study is to extend a fractional order active sliding mode con-
troller (FrASMC) to the current control of a grid-connected three-phase VSC for pos-
sessing small steady-state tracking error and fast response of the grid current while 
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maintaining the system insensitive to interfacing impedance variations. In this control 
method, the system states are limited to lie on the fractional sliding surface where the 
dynamics of the system are only specified by the dynamics of the switching surface. 
The system is invariant in the control design, and the motion of the states trajectory is 
much less sensitive to disturbances and parameter variations. The control method is 
easy to implement and only needs nominal values of model parameters.   

2 Contribution to Cloud-Based Engineering Systems 

Over the past two decades, declines in the costs of small-scale power generations 
increases in the reliability needs of many customers, and the partial deregulation of 
electricity markets have made DG technology more attractive to businesses and 
households as a supplement to utility-supplied power. Moreover, the environmental 
advantages can also be considered as a key-driving element accelerating the develop-
ment of DG technology in power system. However, the increasing numbers of DG 
units in power system require new and intelligent control techniques for the operation 
and management of electric networks in order to maintain or even to improve the 
power supply reliability and quality in the future. As a consequence, DG system can 
be considered as a cloud-based system, consisting of an intelligent control technique 
for integration of DG sources to the power grid. This cloud-based aspect of energy 
technology will concentrate on several issues in design of future power grids based on 
Smart Grids technology during the presence and cooperation of suitable energy stor-
age devices in the distribution grid. The main goal in this research area is design of a 
control technique for integration of DG sources into the power grid. In the proposed 
model, load behavioral patterns can be monitored and the huge amount of data can be 
harvested from utility and load sides. Its processing is being carried out using algo-
rithms established for signal processing. The proposed control technique confirms the 
role of DG technology in cloud-based energy system by creating a safe operating 
region for operation of DG units and injection of power from DG sources into the 
power grid. 

3 Modeling of a Grid-Connected DG Interface 

This section focuses on a three-phase DG model with a current-controlled VSC. To 
form a grid-connected DG model, the VSC is integrated to the utility grid with an 
inductive filter and an isolation transformer. The filter is responsible for filtering out 
the high frequency harmonics generated by VSC switching actions, and the trans-
former works as an interfacing reactor. Fig. 1 shows the equivalent circuit diagram of 
the grid-connected DG unit with three-phase two-level VSC. The VSC synthesizes 
the AC voltage using space vector modulation (SVM) technique with the available 
DC voltage. Control signals for the SVM are generated from an appropriate control-
ler, and switching pulses are applied to the VSC switches for power injection from 
DG source into the power grid. The utility grid is modeled as a three-phase AC source 
with internal impedance using Thevenin’s Theorem.  is the equivalent 
interfacing impedance seen by the VSC; ix is the converter output current; vgx is the 
grid voltage; and idc is the input DC current (x=a, b and c). 
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3.1 Dynamic Analysis of the Proposed Model  

To inject high quality power to the utility grid, a current control technique is usually 
adopted to form the output voltage so that minimum current error is achieved. A VSC 
controls the magnitude and frequency of the output voltage. The output voltage at 
each leg of the VSC can be expressed as .  (1) 
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Fig. 1. Equivalent circuit diagram of a generic grid-connected DG unit using three-phase VSC 

 
where vxN is the converter output leg voltage, and the switching variable  deter-
mines the switching state of interfaced converter, and can be defined as 1 or 0 when 
the upper (or lower) switch of the leg is switched on or off. Dynamic equations of the 
proposed model can be calculated by applying Kirchhoff’s law in AC-side of the in-
terfaced converter as, 0 (2) 
 
where vxo is the converter output phase voltage. By defining the switching state func-
tion of the VSC as, 13 ,

 (3) 

and substituting (3) in (2), the dynamic equations of the proposed model can be re-
written as, 0. (4) 
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3.2 Steady-State Analysis of the Proposed Model 

In synchronous reference-frame, a rotating reference-frame is utilized so that all fun-
damental positive sequence alternating variables become DC quantities in dq0-
coordinate system; then, objectives of controlling and filtering in the control loop of 
the system can be achieved easier. By Park transformation matrix, dynamic equations 
of the proposed model in (4) can transfer into the synchronous reference-frame with 
angular speed ω as, 0 (5) 

0. (6) 

It should be mentioned that zero components of line currents and grid voltages are 
zero since balanced operation and symmetric abc voltages are considered. Substitut-
ing time-varying components by the steady-state quantities and forcing time deriva-
tives to zero, the steady-state expressions of the proposed model in equations (5) and 
(6) can be calculated as, 

 (7) 

. (8) 

4 Proposed FrASMC Design of Integrated DG Model 

The current control structure of a three-phase VSC is the key element in the control 
design of a converter-based DG system. When the interfacing impedance seen by the 
VSC becomes highly inductive, the bandwidth of the controller is considerably de-
creased, which degrades the dynamic performance of the controller [7]. This leads the 
system to be oscillatory or even unstable. In this section, to deal with the instability 
problem a FrASMC is designed for the integration of DG units to the power grid with 
a three-phase framework. The proposed control scheme has the properties of fast re-
sponse and small steady-state tracking error of the grid current while keeping the 
performance of the model insensitive to the interfacing impedance uncertainties. 

The current dynamics of the proposed model in the synchronous reference frame 
(5) and (6) can be represented by the following state-space equations, 

 ∆ ∆ ∆  , (9) 
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where,     ,       ,       , / / ,   1/ 00 1/ . ,    1/ 00 1/ , and  

∆ ∆ ∆ , (10) 

where,  z=d and q; A, B and T are the system matrices; Ao, Bo, and To represent the 
nominal values of A, B and T; ∆ , ∆ , and ∆  denote the system parameter varia-
tions; and r expresses the lump of uncertainties caused by parameter variations, which 
is assumed to be bounded by , | | ,

(11) 
where,  is a specified positive constant. 

Considering the described model, the errors dynamics can be defined as follows,  , (12) 

where, izref (=xref) is the reference current. The objective of the FrASMC is to design 
the controller Uz such that the model state (x=iz) precisely tracks the reference output 
current. 

Output of the PID controllers is a linear combination of the input, the integral of 
the input, and the derivative of the input. Fractional order PID controllers are general-
izations of PID controllers. Output of the fractional order PID controllers is a linear 
combination of the input, a fractional integral of the input, and a fractional derivative 
of the input. The proportional-integral equation, which defines the fractional order PI 
(FrPI) [8,14] control action can be written as, 

 (13) 

where , , and  are design parameters of the fractional order PI control. If  is 1, 
the result is a usual PI (called as integer PI). A switching surface is developed for 
interfaced converter based on FOC in order to design the FrASMC. In this sense, a 
fractional form of the linear compensation PI networks is used to achieve fractional 
sliding surface of the form PI .  Based on the generalized (fractional) PI  structure, a 
candidate for fractional sliding surface, which represents a dynamic of desired model 
can be obtained of the form as, ; 0 2, (14) 

Sliding mode control forces the system state space trajectories to reach the sliding 
surface in a finite time and to stay on the surface for all future time. The main func-
tion of the sliding mode controller is to switch between two different structures of the 
system so that a new type of system motion (sliding mode) exists on the surface. 
Therefore, the proposed FrASMC is designed in two phases as, 

1- The sliding phase by 0 
2- The reaching phase when 0. 
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In the first phase ( 0), which shows the model operates in desired condition and 
there are no parameter variations, the active controller can be designed as follows,  , (15) 

where  is a positive definite matrix for placing poles of the nominal system in its 
desired values. The active controller works properly when there are no uncertainties; 
however, the sensitivity of the dominant poles of the current controller is very high to 
system uncertainties mainly due to parameter variations, which lead to drive harmonic 
currents through the converter or even the controller may become unstable, i.e. 0. 
In this phase, in order to drive any states outside the surface to reach the surface in a 
finite time, a switching control law is developed to construct the FrASMC as, , (16) 

where  is the switching factor, which can be tuned in order to eliminate the effects of 
parameter variations. As can be seen from (15) and (16), the nominal values of the 
model parameters are only required to design the controller.  

5 Simulation Results 

To investigate the performance of the proposed control strategy, the simulation mod-
els have been developed under Matlab/Simulink environment.  

The rated rms grid phase voltage is 120 V at 60 Hz, and the nominal values of in-
terfacing resistance and inductance are 0.2 Ω and 0.1 , respectively. 
The dc-link voltage is set to 400 V and the switching frequency of the VSC is 10 kHz. 
To inject the desired active power  to the grid, d-component of the reference cur-
rent can be obtained as, 23 . (17) 

By setting a zero value for the q-component of reference current in the current control 
loop of DG unit, only active power will be injected by integration of DG sources into 
the power grid and power factor between the injected current from DG unit and load 
voltage will be obtained a unity value. The reference active power is set to 3 kW.  

The stability and dynamic response of the DG model will now be analyzed, and the 
effectiveness of the designed controller will be evaluated and compared with conven-
tional PI synchronous-frame current controller to validate the proposed procedure. To 
illustrate the effect of interfacing impedance variations on the current controller per-
formance of a VSC-based DG system, the interfacing resistance and inductance seen 
by the VSC (  and ) change from [ 0.2 Ω and 0.1 ] to [ 0.5 Ω and 0.6 ] at the instant 0.05 s in simulations.  

The performance of the PI current controller under above mentioned condition is 
depicted in Fig. 2. As can be seen, the current response cannot track the reference 
current properly when the interfacing impedance changes, which is consequence of 
the nonrobust PI current controller. Tuning the PI gains can bring the system into 
stability; however, it leads to degradation of disturbance rejection capability and in-
crease in steady-state tracking error. 
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Fig. 3 shows the output current of the VSC and utility grid voltage with the pro-
posed FrASMC. It can be observed that the current controller remains stable and in-
jects high quality currents in phase with the utility grid voltage when the interfacing 
impedance changes. From Fig. 3 the grid-connected power factor is 1. 

 

Fig. 2. DG current and its reference with conventional PI controller under interfacing 
impedance variation at t 0.05 s 

 
Fig. 3. DG current and grid voltage under interfacing impedance variation at the instant   

 0.05 s 

By drawing harmonic spectra of current response of conventional PI and proposed 
FrASMC before and after interfacing impedance change (with 3 kW), follow-
ing results have been observed. THD of output current of the conventional PI current 
controller before impedance change is 1.08%. However, the THD after impedance 
change is 6.27% ,which does not meet the THD requirement of the IEEE standard 
1547 (that is below 5%) [17]. Furthermore, significant low order harmonics can be 
observed in the harmonic spectra. THD of VSC output current of proposed FrASMC 
before and after impedance change are 0.96% and 1.12%, respectively, which demon-
strates the proposed controller successfully meets the standard requirement and has a 
better performance than conventional PI.  
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6 Conclusions 

DG units are commonly integrated to the utility grid by VSCs for better controllabil-
ity, reliability, and efficiency. The VSC transfers the generated power to the utility 
grid using a current controller that has the mission of injecting high quality currents. 
However, the stability of the current controller is often destroyed by the variations on 
the interfacing impedance seen by the VSC, such that the system becomes oscillatory 
or even unstable. In this paper, a FrASMC has been proposed for integration of DG 
units to the utility grid. The main aim of the proposed current controller is to deliver 
the desired power to the grid with low harmonic current, fast response, and high pow-
er factor while maintaining the system insensitive to the interfacing impedance varia-
tions. To validate the performance of the proposed FrASMC, simulation verification 
results have been presented and compared with the conventional PI current controller. 
The results show that high quality current injection is achieved with the proposed 
FrASMC for grid integration of VSC-based DG units. 
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