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Abstract: Parallel-connected uninterruptible power supply (UPS) systems have been used to
maintain power supply to the critical load in order to increase power capacity and system reliability.
This paper presents a robust and precise voltage control strategy for parallel-connected UPS
systems. Each parallel-connected UPS system consists of a three-phase inverter with an output
inductor-capacitor (LC) filter directly connected to an AC common bus in order to feed the critical
load. Fractional-order sliding mode control (FOSMC) is proposed to maintain the quality of the
output voltage despite linear, unbalanced and/or nonlinear load condition. The Riemann-Liouville
(RL) fractional derivative is employed in designing the sliding surface. The voltage control
strategy effectively eliminates the parametric uncertainties, external disturbances, and reduce
the total harmonic distortion (THD) of the output voltage. Furthermore, it also maintains very
good voltage regulation such as dynamic response and steady-state error under the nonlinear
or unbalanced load conditions. The stability of the proposed controller is proven by applying
Lyapunov stability theory. Droop control approach and virtual output impedance (VOI) loop are
investigated to guarantee the accurate active and reactive power-sharing for parallel-connected UPS
system. Finally, the implementation of the control scheme is carried out by using MATLAB/Simulink
real-time environment.

Keywords: distributed generation; uninterruptible power supply; fractional-order sliding mode
control; voltage-sourced converter; point of common coupling; virtual impedance loop

1. Introduction

The increasing demands for sustainable, clean, and environmentally friendly energy call for
distributed renewable energy resources to frequently be used to support electricity demand. In an
electric system, the critical safety-related loads require extremely reliable and high-quality power to
function efficiently. Uninterruptible Power Supplies (UPSs) play a key role to provide a continuous
power supply and protection against interruptions. When a power outage takes place, a UPS must
deliver an emergency backup power to a load and prevent damages. Typically, an ideal UPS provides
unity power factor, low Total Harmonic Distortion (THD) sinusoidal, high efficiency, low cost, high
reliability, electric isolation, and low transients response time during the transition from grid mode
to backup mode and vice versa. Besides, the most important task of UPS is to maintain the pure
sinusoidal output voltage with low THD under linear and distorted load conditions. According to
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the standards of Institute of Electrical and Electronics Engineers (IEEE) 519-1992, the maximum THD
of the output voltage in the UPS system should be less than 5% in common applications such as
households” appliances and offices. Similarly, for sensitive applications like safety devices, and airport
apparatus, the THD should be less than 3%. The configuration of the UPS system is mainly categorized
as off-line or line-preferred, on-line or inverter-preferred and line-interactive UPS system [1,2].

The configuration of a typical off-line UPS system is shown in Figure 1. It usually consists of
a static transfer switch, AC/DC rectifier/charger, DC/AC inverter, DC link interface, and a battery
pack. The static switch connects the load to the AC grid and the battery pack charges through AC/DC
rectifier /charger under normal power condition. When the grid fails, an abnormal power condition
occurs, the static switch disconnects the load from the grid and the DC/AC inverter regulates power
from the battery pack to the load for the period till the utility grid is back again. This topology offers
some advantages such as high efficiency, simple design, passive line conditioning, cheaper, and small
size. However, the major disadvantages associated with this configuration are slow transition response
from the AC grid to the backup mode, lack of isolation between the load and AC line, and no output
voltage regulation.
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Figure 1. Configuration of offline uninterruptible power supply (UPS) system.

Likewise, the off-line UPS system, the on-line UPS system is the popular and most used
configuration. It consists of an AC/DC rectifier charger, static transfer switch (bypass), a battery
pack and a DC/AC inverter. The block diagram of the classical on-line UPS system is shown in
Figure 2. In this configuration, the power continuously provides to the load through the rectifier
charger and inverter under both normal and abnormal AC grid power conditions. During normal
operation the battery pack charges while in case of AC grid power outage, the battery pack discharges
and supply full power to the load without utilizing the static switch. The inverter is connected in series
with the load. Hence, during the transition from normal mode to the backup mode, the transfer time is
zero. In this configuration, the inverter is the main powering path for the load instead of the AC grid.
This topology provides advantages such as good powering conditioning, load protection, high power
rating, and accurate power regulation for the load. The main drawbacks associated with this topology
include low power factor, high cost, low efficiency because of the double stages of power conversion,
and large size.

The next topology is the line-interactive UPS system. The components include the static transfer
switch, a bidirectional converter, a series inductor, and a battery pack. Technically, this UPS system can
work in either mode as standby UPS and as an on-line UPS (series configuration). The series inductor is
not necessary for standby line-interactive UPS system. However, in order to enhance both the voltage
regulation and power factor of the load, most of the line-interactive UPS system operate on-line.
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Figure 2. Configuration of online UPS system.

The classical configuration is shown in Figure 3. While under a normal mode of operation,
the bidirectional converter charges the battery pack and the AC grid provides power to the load. In the
case of AC grid failure, the static transfer switch isolates the load from the AC grid and the power to
the load provides through the bidirectional converter. The main benefits of this configuration are a
simple design, more reliable, high efficiency, small size, good harmonics suppression for the input
current, and cheaper. The major drawback is that it does not offer any voltage regulation of the load
during normal condition.

Normal Mode

Backup Mode

Pack/Bank

Figure 3. Configuration of line-interactive UPS system.

The UPS system is mainly composed of a voltage-source inverter (VSI) and an output LC filter.
Generally, the UPS system performance is influenced by the output filters of the three-phase inverter
which are tuned to remove fixed harmonic frequency components. Moreover, the majority of loads supply
by UPS systems are unbalanced and/or nonlinear loads. Nonlinear currents drawn by unbalanced and
nonlinear loads distort the output voltage of UPS system which leads to high current flow, excessive
losses, heating, and malfunctioning of the critical loads. Therefore, the designing of a high-quality
three-phase inverter for UPS applications are necessary in order to achieve a pure sinusoidal voltage with
low THD and fast transient response during load step variations. Considering the aforementioned issues,
many advanced control strategies for UPS systems are proposed in the literature to address the voltage
quality enhancement. In [3,4], conventional multi-feedback loop hybrid proportional-integral-derivative
(PID) control strategies have been proposed. Both the schemes provide a very good dynamic performance
and simple implementation. However, as neither the inductor current nor the load current is considered,
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if any abnormality occurs on the load side, these schemes cannot guarantee the safe and stable operation
of the system. Regarding the three-phase UPS system, the Proportional Resonant (PR) controller in the
stationary reference frame has been used to supply nonlinear and unbalanced loads in [5]. This controller
reduces THD of the output voltage, eliminate steady-state error, and fast dynamic response. However,
in order to attenuate the lower order harmonics, the output filter inductance (L, LC, LCL etc.) values are
very large which increases the size and cost of the system.

Nowadays, nonlinear control techniques have gained considerable attention from researchers
because these techniques offer some advantages like robustness, less sensitive to external disturbances,
and fast dynamic performance. In [6], deadbeat control has been proposed in order to enhance the
closed-loop performance of the pulse width modulation (PWM) inverter. Deadbeat control technique
provides some advantages such as fast dynamic response, and good performance under a linear load.
However, this controller is highly sensitive to parameters changes, model uncertainties, measurement
noise, and sometimes to switching frequency. In order to overcome the aforementioned issues,
Observer-based deadbeat controllers have been proposed in [7,8]. Though, there is a trade-off between
the controller stability margin and the closed-loop performance. In [9,10], the Repetitive controller
(RC) for UPS inverters are investigated so as to compensate the unbalance and harmonic distortion.
This controller provides a good regulation for distorted loads, eliminate a periodical tracking error
and excellent harmonics (both odd and even components) rejection capability. However, the dynamic
response is quite slow, thus RC is usually escorted by robust controllers for enhanced dynamics
response time of the controller. Additionally, high memory usage which imposes a high computational
burden is an extra drawback in the RC controller. Iterative Learning Control (ILC) for UPS inverters
is suggested in [11]. This technique is capable of achieving high performance. However, the design
is complex and also the switching frequency is very high, which result in huge switching losses.
The Model Predictive Control (MPC) techniques are proposed in [12-16] which provide a simple
structure and good dynamic performance. A cost function is obtained to predict the next switching state.
Also, MPC has the ability to manipulate different constraints like switching frequency minimization.
However, the predictive control requires accurate system parameters to reach the desired performance.
Further, it is difficult to implement the MPC technique as the cost function calculation compel high
computational burden. In [17], a robust control technique for VSC is suggested to compensate the
harmonics in the islanded mode of operation. The controller eliminates the system uncertainties and
maintains pure sinusoidal three-phase voltage under unbalanced /nonlinear load current conditions.
A robust Hy / He voltage control strategy for islanded microgrid is addressed in [18]. The droop control
and power management system provide the nominal values of voltage and frequency. Additionally,
the nonlinear robust H / He technique provide the ride-through capability, guarantee power-sharing,
eliminate small and large signal disturbances, and enhance the performance under nonlinear loads.

Sliding mode control (SMC) is a nonlinear and variable structure control technique has gained
a huge interest from the researchers due to its inherent characteristics of simple implementation,
strong robustness, good tracking of current reference, excellent dynamic response, high accuracy, and
insensitivity to external disturbances and parameter uncertainties. Considering the abovementioned
qualities, SMC is extremely suitable for the voltage-source converter (VSC) and can deal effectively with
the nonlinear behavior of the power converter. The main problem of SMC is the chattering phenomena
because of very high switching frequency result in excessive power losses, electro-magnetic noises,
low control accuracy, and problems in the output filter design.

For single and three-phase inverters, SMC is addressed in [2,19-21] and [22,23]. The chattering
phenomena are attenuated in [19,21] and [23] by smoothing the feedback control law in a narrow
boundary layer and the switching function. Also, accomplishing a fixed switching frequency variable
hysteresis band comparator. However, the robustness and the reference tracking error of these schemes
is nearly degraded. In [24], Particle Swarm Optimization (PSO) for tuning control gains of terminal
SMC with a fuzzy estimator of UPS inverter is proposed. This technique provides good dynamic
response and improves the performance of the UPS inverter under the transient loading conditions. But,
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the THD level at the output voltage is high and also this technique cannot eliminate circulating currents.
An Adaptive SMC technique with an auto-tuning idea of the sliding switching gain for a three-phase
UPS system is recommended in [25]. This technique eliminates chattering phenomena to a great extent
and also minimize sliding switching gain without considering the system uncertainties and external
perturbations. Nevertheless, the response time is relatively slow, hence, this may encounter a serious
stability issue. Nowadays, the decentralized SMC strategies [26,27] have been addressed to enhance
the system stability and provide the robustness under unknown load condition. Two separate SMC
controllers are designed for hybrid microgrid such as for fundamental positive sequence, direct power
SMC scheme is used and for the negative sequence, an SMC current scheme is adopted. The controller
ensures the power-sharing, regulate active and reactive powers, and mitigate the current harmonics
under unbalanced and nonlinear load current conditions in grid-tied mode and also regulate voltage
and frequency in islanded mode.

In the feedback control theory, fractional calculus is the newly emerging concept which deals with
the fractional-order derivatives and integrals. In fact, the primary difference between fractional-order
derivative and integer-order derivative mainly comprises of two aspects. Firstly, integer-order
derivative depicts certain attributes like variation, uncertainties etc. of a physical or mechanical
process at a particular instant of time, whereas, in the fractional-order derivative, the entire time
domain is considered. Secondly, integer order derivative evaluates a physical process at a certain
position within its local domain while on the other hand, fractional order considers the whole space for
evaluation. Traditional SMC does not guarantee the convergence of the system. Moreover, chattering
phenomena also exist which is not desired. In contrast to classical SMC, the fractional-order sliding
mode control (FOSMC) control is an effective method to alleviate chattering phenomena and provides
a more flexible degree of freedom [28]. The Riemann-Liouville (RL) fractional derivative is used in
designing the sliding surface, and the upgraded exponential law is exploited so as to alleviate the
chattering phenomena and to bring and keep the state variable onto the sliding surface. Moreover,
to the best of the authors” knowledge, the behavior of FOSMC for parallel-connected UPS system has
not been examined so far, hence to accomplish this research gap, this paper presents nonlinear voltage
control strategy based on FOSMC for parallel operating UPS system.

This paper presents a nonlinear control strategy for the voltage control of the parallel-connected UPS
system. FOSMC scheme maintains the quality of the output voltage under multiple balanced /unbalanced
dynamic load and also under distorted load current condition. Moreover, the proposed control strategy
utilized fewer voltage sensors compared to model predictive control and classical SMC methods.
A Lyapunov stability theorem is used to prove the stability of the proposed controller. Droop control is
designed for the parallel-connected UPS systems to ensure proper power-sharing. Real-time simulation
is performed in MATLAB/Simulink to show robustness and precise performance of the controller to
maintain system power quality despite linear and/or distorted load current conditions. Additionally,
the virtual output impedance loop is designed for the accurate reactive power-sharing with the load.
The performance of the proposed FOSMC is compared with conventional proportional integral (PI)
controller, and the simulation results show the THD of the output voltage of 0.40% and 1.03% for FOSMC,
and 1.82% and 6.84% for PI controller under linear and nonlinear load, respectively.

The paper is organized as follows: Section 2 describes the system description, dynamic model of
the inverter, and the mathematical model of the FOSMC such as the design of the sliding surface and
teedback control law. Section 3 represents the Lyapunov stability theorem. Section 4 presents the parallel
UPS system and droop control explanation. Section 5 explains the virtual output impedance (VOI).
Then, Section 6 demonstrates the simulation results and detail comparison between FOSM and the
conventional PI controller. Finally, discussions and conclusion are stated in Sections 7 and 8, respectively.

2. System Description

The circuit and control diagram of the three-phase UPS system is shown in Figure 4. It consists
of three-phase VSI connected to load through output LC filter, where L, R and Cy are the inductance,
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resistance, and capacitance, respectively of the output LC filter. vy, and v, are the three-phase
output terminal voltages of the inverter and the AC bus or capacitor voltage, respectively. The voltage
and current of the output filter are obtained in a sinusoidal dq reference frame, where the subscripts d
and q represent the direct axis (d-axis) and quadrature axis (g-axis) of corresponding variables.
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Figure 4. Hierarchical control block diagram of UPS system. SPWM: sinusoidal pulse
width modulation.

The dynamic model of the inverter can be obtained as:

du. = -
Cfd—::i—io 1)
17
.
Ld—;+Ri:z7i—5; ?)

- = 7 - ) ) .
where v,, v;, i and i, denotes the space-phasors analogous to Uy, U4, iz and iy, respectively.

N
Elimination of i from Equations (1) and (2), gives us:

— -
Pop_ _Rdvy v Ldip _pio | 0 ®)
ar L dt LCf Cf dt LCf LCf

The terminal voltage of the VSI is associated with the pulse width modulation (PWM),
the modulating signals of VSI is v = (%) . Equation (3) becomes:

— —
@_fgﬁfvﬁofidﬁf ii" Vi 4)
a? ~ Ldt LC; Cpdt LC;  “2LCy
The d, q reference frame representation of Equation (4) will be:
42 [(Und+ivoq)ej9} _ R d{(vod—&-jvoq)efﬂ B <de+jZioq)ef9 B Ld 10d+]z ej@
dt L dt LCy Cr oq ®)

R (iod +iag ) Vi (mg-tjmg)el®
IC; + 2IC;
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where 0 is the transformation angle that the d-axis form against the x-axis and % is the angular speed

of space-phasors rotating in an anti-clockwise direction. Equation (5) can be divide into d and g axis:

dzvod dvoq Rdvod 2 1 Rw 1 dlod w . R . Vdc
2 L a TIC )t T Car e e o™ ©
dzvoq do R dv, 1 Rw 1 di w R \%
— o od _ K Toq 2 L Ly W K dc 7
a7 “ar TTar T\ TIe)™ T L™ ar ¢ e, T arc, ™ )

Proposed Control Scheme Based on Frictional-Order SMC

This section addressed the proposed control scheme based on FOSMC. The proposed control
strategy regulates the rotatory reference frame d and g-axis of the VSI external terminal voltage v,p.
Equations (6) and (7) become:

d*v . d*v .
dtzod =Dy = dtZOd = 1 (Vods Vogs iod log) + 2mg + By (8)
d%v . d?v o
dtzoq = Ugq = dt;q - fq (Vods Dogy lods zoq) +zmg + B, 9)
where: .
2= 2decf 10)
and B; and B, are model disturbances:
dve;  Rdv, 1 Rw 1 di w R
S Y 2 - DY g — =Tt Wy R 11
fa «“ dt L dt + (w LCf Yo + L “oq Cf dt + Cfloq chlod ()
. dv,g Rdvoq 2 1 Rw 1 dioq w . R .
fa=—20gr T T\ e ) TG w e e 12

where f; and f 4 are two nonlinear functions.

SMC is based on two main parameters; Sliding surface and control law. It is necessary for the
system to track the sliding surface under the proposed control law. For d and g-axis control loop,
the proposed non-integer sliding mode surface is defined by:

Sq = eq+ A D" (sig(eq)”) (13)
Sq = e+ A D" I (sig(e;)") (14)
€d = Uod — Uodref (15)
€q = Tog — UVogref (16)

where e, and e, denote voltage-tracking error, D*~! denotes the fractional integral of (« — 1)th order.
where «, ¢ and A are design choices positive parameters (¢ < landy < 1).
The sig () function is defined as:

sig(x)" = |x[sgn(x) (17)

sgn () function is defined as:

(18)

sgn(x):{ ‘%l fx#0

0 ifx=0
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The details of the fractional calculus i.e., theorems and properties are presented in Appendix A.
Si = Dog — Vodref + A rLD"(sig(eq)”) (19)

Sq = é'7017 - %}oqref + A RLD“(Sig(eq)’Y) (20)

where gy D" is Riemann-Liouville (RL) fractional derivative of ath order. If v4,,r and v, are assumed
to be constant, hence 5odref and %}quef are small values and can be neglected; also substituting values of
o4 and 0y, from Equations (8) and (9) we get:

Sd = fy+zmy+ By + A rrD*(siges)”) (21)

Sy = fq+zmg+ By + A rr.D* (sig(eq)") (22)

Considering Equations (21) and (22), the control laws are proposed in order to slide the system on
a sliding surface to guarantee the fast and robust voltage-tracking error convergence is:

[fa +A  reD*(sig(eq)”) + Kgsgn(Syq)]
z

(23)

my =

—[fy + A R D (sigley)”) + Kysgn(Sy)|
V4

iy — 4)

where K; and K are sliding gains.

The schematic diagram of FOSMC and the inverter is shown in Figure 5. The modulation signals
are obtained based on proposed control laws of (23) and (24), sinusoidal pulse width modulation
(SPWM) scheme is performed to generate gate signals for VSI. Figure 6 illustrates the flowchart of
overall FOSMC.
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iod, ioq = 11

i : e o :
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sig p-l—» 2
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Figure 5. Schematic diagram of proposed frictional-order sliding mode control (FOSMC).

The main drawback of the conventional SMC is the undesirable chattering phenomena because of
very high switching frequency result in high oscillations in the system, excessive power losses, and low



Energies 2018, 11, 3475 9 of 24

control accuracy. However, FOSMC strategy eliminates the chattering phenomena and accelerate the

reaching speed [29,30].
‘Voltage Control
"_“; Strategy ;

idg, Vdg

Q Calculatio:

Y

Virtual Qutput
Impedance Loop

Droop Control

Voltage
Reference
Generator

Yodrefs Vogref

eedback control Feedback control
law in d-axis law in g-axis
Equation:23 Equation:24

—— SPWM

Figure 6. Flowchart of fractional-order sliding mode control (FOSMC).

3. Stability Analysis

The proposed controller can be justified by positive-defined Lyapunov candidate function:
V(t) = %(sd2 +5,2) (25)
The time derivative of (23) with respect to time, and putting (19) and (20), we get:
V(t) = S4S4+S4Sq = Sa(tog + ARLD"(sig(eq)”) + Sq(og + A reD* (sig(eq)”) (26)
Now substituting (8) and (9) and external disturbances W; and W, in (24):
V(t) = Syq(fa + zmy + Wy + Ar.D*(sig(eq)”)) + Sq(fq + zmg + Wy + A e D*(sig(eq)”)  (27)
Further substituting n, and m, from (23) and (24) in (27), and sgn(Sy) = 154l/s,, then:
V(t) = (SqWa—KalSal) + S, Wy — Ky[Sg]) (28)

Sliding gains; K; = |W,| + p; and K; = |W,| + p ¢ where p; and p, are +ve parameters, thus:

V() < —palSal = pq|Sq| < —min(pap,) (1S4l + [S4]) = =min(pap,) IS |y @9)
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Equation (29) shows that the derivative of V(?) i.e., V(t) is negative definite, thus ensures that the
sliding surfaces S; and S; will reach zero in a finite time.

4. Parallel UPS System

Usually, the UPS system feeds critical loads that cannot afford power failure. Although, it is
necessary to fulfill the growing load demand without upgrading the present UPS system. Therefore,
parallel-connected UPS systems approach provides low cost, reliability, and redundant solution to
supply continuous power to the common ac bus despite any disruption in order to enhance the
system stability. Moreover, a system true redundancy such as better stability and robustness can
be achieved via the independent operation of the parallel UPS system. In parallel-connected UPS
systems, the accurate active and reactive power-sharing among them is necessary which can be
achieved by using two main control schemes i.e., wired control and wireless control. One of the most
used and sophisticated wireless power-sharing technique is droop method. The block diagram of
two parallel-connected UPS systems feeding load through an AC common bus is shown in Figure 7.
The separate primary control which includes inner-loop control and outer-loop control is designed
for each parallel-connected UPS system. The inner-loop control contains voltage control based on
FOSMC to regulate the output voltage of the inverter and the droop control scheme is adopted in the
outer-loop for the proper power-sharing.

s | ] B T T e e e T e o e e S e i o g 1 Common
BUS i _ : Filter E Load Bus
: T L '
: : T [
et 0 bt e S i I
L |
@—/x— <« o6—> [Gbe /)
1
GRID irtus o i
1
- — L )
: R PQ | .
Calculation : S

4 ‘_J_ e
|
| F . = |
| ______1?_1_*_!1__?1_1_???_____5 o e Filter |

T 5 CAAA—TTN I

: DC AC i % LT
: —-L— i . _+ A = :
|
| I
I I
| UPS2 DROOP & Fractional-Order SMC CONTROL ~ |«— |
|
I I

Figure 7. Configuration of parallel-connected UPS system. SMC: Sliding mode control; EMI filter:
electromagnetic interference filter; PQ: active and reactive power.

4.1. Droop Control

With the objective of connecting parallel VSI without the critical communication link, the droop
control approach is often proposed. The absence of the communication signals between the inverters
helps to improve the reliability and also removes the restrictions on the physical locations of inverter units.
The droop idea is obtained from the power system theory, in which the active power P is determined
by the phase angle or power angle & and the reactive power Q is dependent on the voltage amplitude
difference E-V. In a power system the droop concept is used, where the load sharing among parallel
operating generators is accomplished, based on the w-P and E-Q droop characteristics. The droop curves
are shown in Figure 8a,b, depending upon the output impedance. Considering the parallel-connected
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UPS inverters, the reactive power Q can be controlled by varying the voltage amplitude E and the active
power P by angular frequency w. The droop control schemes can be defined as:

w = w* —kpP (30)

E = E* —kgQ (31)
where E and w are the amplitude and frequency of the inverter output voltage, kp and kg are the
droop coefficients of frequency and amplitude of output voltage, respectively; w* and E* represents
frequency and amplitude at the no-load condition.

= B E A

*

W

PN P -Qy Qy aq
(a)

T ol

Pv p -Qy Qy
(b)

Figure 8. Droop control scheme for parallel-connected UPS system: (a) inductive output impedance;

2 Y

(b) resistive output impedance.

The active and reactive power flow between the UPS inverter and the point of common coupling
(PCC) can be expressed as follows:

2
P = (PZVCOSQ — ‘;)COSG + %sin@casﬂ (32)
EV V2 . EV .
Q = <Zcos® — Z)sm() — 751n®cas() (33)

where V and Z are the voltage of the PCC and the magnitude of the output impedance, respectively; 6
and @ represents the output impedance angle and phase angle, respectively.

4.1.1. Inductive Output Impedance Case: Z = jX

The equivalent model of the two parallel connected inverters to a common bus with output
inductive impedance supporting common load is shown in Figure 9a. Traditionally, the VSI output and
line impedances both are assumed to be inductive because of large filter inductor and line impedance
which is inductive in nature. In this case, the active and reactive power expressions can be simplified
by assuming a small phase angle @ difference between V and E (sin@ ~ @ and cos@ ~ 1):

P = %sin@ (34)
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_ EVcos@ — V2

< (35)
4.1.2. Resistive Output Impedance Case: Z = R

The equivalent model of the two parallel connected inverters to a common bus with output
resistive impedance supporting common load is shown in Figure %b.

iy 4 X2 I
V07 —
4115 !
I 1
| 1
: !
Load . ExcB :
I :
Inverter-2
(a)
Fel®
Load
Inverter-1 Inverter-2
(b)

Figure 9. Equivalent model of two parallel-connected inverters to an ac common bus with: (a) output
inductive impedance; (b) output resistive impedance.

In low voltage systems, the line impedance is mainly resistive, the active and reactive power
becomes:

EVcoso — V2
=T R (36)
Q=- %sin@ (37)

Therefore, due to the highly resistive output impedance of the inverter the droop scheme
exchanges their roles:
w = W +kpQ (38)

E = E* —koP (39)

Hence, in the case of an output inductive impedance, the droop control concept based on P-w
and Q-V droop is often used, whereas for output resistive impedance the P-V and Q-w droops scheme
is often adopted. The droop control scheme depends upon the output impedance angle 8, and it has
a different form for the different type of inverter output impedance as listed in Table 1. The droop
coefficients kp and kg of frequency and amplitude of output voltage are a function of the nominal
values of active power P and reactive power Q, and the maximum permitted deviation in voltage
amplitude AE and frequency Aw.

There is a trade-off between droop coefficients and voltage regulation, increasing droop
coefficients will result in an accurate power-sharing but degraded voltage regulation. Droop control
has many advantages like the absence of communication-based method among parallel operating
VSI system provides high reliability and flexibility. However, there are so many issues associated
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with droop control technique like a very poor transient response, an intrinsic tradeoff between load
sharing and voltage regulation, and mismatch in line impedance of parallel operating VSI systems that
resulted in poor powering sharing.

Table 1. Droop control scheme depending upon output impedance.

Output Impedance

Z = jX (Inductive @ = 90°)

Z = R (Resistive @ =90°)

Active Power

P = %sin@ = %@

V2 o
P:%:%(E*V)

Reactive Power Q= %M = %(E -V) Q = 7%51',7@ ) ,%@
Frequency Droop = w* —kpP w = w*+kpQ
Amplitude Droop E = E*—kpQ E = E" —kgP
Droop coefficient kp = %} kp = 2%‘;\,

Droop coefficient kg = % kg = %

5. Virtual Impedance Loop

As discussed early, there are so many cases which result in poor reactive power sharing during
parallel operation of UPS inverter systems. For example, in low voltage network output line impedance
is often resistive, as (R/X) of output line impedance is comparatively high, therefore, VSI will share the
only active power to fulfill load demand. But this is a very rare case, usually medium or high voltage
network make distributive network where line impedance is the sum of both resistor and inductor.
In other words, if VSI output and line impedance are not purely inductive, then conventional droop
control technique is not effective to guarantee accurate power sharing. Also, UPS system operating
in parallel feeding an ac common load bus has different filter and output line impedance which will
result in different reactive power, hence, this deteriorates the reactive power-sharing. In the literature,
multiple solutions have been presented to enhance reactive power-sharing [31-33]. By changing the
inclination of the droop curve resulting in improve reactive power sharing but will degrade voltage
regulation. Another solution which is based on virtual impedance is most effective and accurate
reactive power sharing technique called Virtual output impedance (VOI) loop-based droop control,
it is a fictitious and robust control loop which mimic the output line impedance. The virtual impedance
loop voltage reference for single VSI is expressed as:

Vref = Vo = Zyly (40)
where Z, is VOI, V,* is a droop control output voltage reference and I, is the filter output current.
Figure 10 shows, an equivalent circuit of virtual impedance and phasor diagram, where VOI (Z,) is
greater than line impedance (Z ). It means selection of VOI should dominate the actual line impedance
value in order to ensure inductive response for low-frequency signals and resistive response for
high-frequency signals, as (R/X) ratio of output line impedance will affect reactive power-sharing.
In literature, VOl is calculated indifference Reference Frame for the requirement of different controllers.

In dq reference frame, VOI can be calculated as:

Vzod = Rzplog — LZ'UWqu (41)

Vzog = Rzolog + Lzowlog (42)

Figure 11 shows the block diagram of the droop control with VOI. When UPS inverters of different
rating are connected in parallel with the common ac bus having nominal apparent power S; of each
UPS system:

ZnS1= ZpSy= ..

- = ZuNSN (43)
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“u_ 1

Furthermore, the VOI can provide extra features such as plug “n” play capability and sharing of
the nonlinear load [34,35]. When the UPS system is suddenly connected to the ac bus, there is a current
spike occur due to the small difference in phase/amplitude. These features are beyond the scope of
this paper.

;. Veugrer
1 og _| R

(b)

Figure 10. Virtual impedance control: (a) phasor diagram; (b) virtual output impedance loop.

Virtual Output
Impedance

Ot EH-@——
T +

1

E* Reference

Generator
@ Esinet

PN
A Iy R

\&/ \

Power Calculation

Va

w=e*-KpP

Droop

Figure 11. Block diagram of droop control with virtual output impedance. LPF: low pass filter.
6. Simulation Results

The performance of the proposed FOSMC is illustrated through MATLAB/Simulink simulating
the real-time single and multiple parallel-connected UPS system supplying an ac common bus.
Moreover, the results of the proposed control strategy are compared with the conventional PI
controller. The electrical parameters of the inverter and control parameters are shown in Tables 2 and 3.
The effectiveness of the proposed controller is evaluated for four case studies i.e., a balanced linear
load, an unbalanced linear load, a nonlinear load, step load change condition, and parallel operation
of UPS system.
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Table 2. UPS system circuit parameters for fractional-order sliding mode control (FOSMC).

Parameters Symbol Values
Switching frequency f 10 kHz
Filter inductor L 25 mH
Filter capacitor Cr 600 uF
Resistor R 4 mQ
Dc-link voltage Vie 670V
Angular frequency Wo 314 rad/s

Table 3. Parameters of proposed FOSMC and proportional integral (PI) Controller.

Parameters Symbol  Values
FOSMC parameter 0% 0.9
FOSMC parameter A 1500

Fractional-order Slide gains Ky, K; 4.5 x 106
PI proportional gain Kp 0.15
Plintegral gain K; 42

6.1. Balanced Linear Load Condition

In this section, the performance of the proposed controller is examined under balanced linear load.
The waveforms of the output voltage and current are illustrated in Figure 12a. Initially, the v, is set
zero while the balanced load is connected. At t = 0s, voltage v,y value is stepped up to 500 V and
kept constant for the remaining time as shown in Figure 12b, and the balance linear load is energized

of P=4 kW and Q =100 Var.

1

Time (seq) ‘ Phase a(ia) _____ Phase b (i5) Phase c (ic) ‘

1000 T T T T T T T T T T

Vdq (v)
|

=500 [~

| | 1 | | | 1 1 | |
0.35 0.36 037 0.38 0.39 0.4 041 0.42 0.43
Time (sec)

(b)

Figure 12. Waveform of voltage and current of proposed FOSMC under balanced linear load current.
(a) phase-voltage v,,,. (upper row) and current i,,;. (lower row); (b) voltage d-axis and g-axis.

-1000
0.34

Offset=0

As it can be seen, both voltage and current waveforms are stable and sinusoidal. The proposed
controller is efficiently tracking the reference sinusoidal signal which indicates robustness and precise
response of control framework under balanced load condition. The THD of the output voltage is 0.41%
which is well under the IEEE standard.
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6.2. Unbalanced Linear Load Condition

The aim of this section is to study the robust performance of the proposed control strategy under
unbalanced linear load condition. It is supposed that the inverter system initially operates under
a balanced load condition. At t = 0.4 s, the balanced load is switched off and an unbalanced series
resistive-inductive (RL) load is energized (load connected to phase ‘a” and ‘b”: 4 kW and 100 VAR, while
the phase ‘c’ is opened). This causes the output load current non-sinusoidal but the FOSMC is capable
of removing oscillation from the output voltage, thus the voltage waveform looks quite sinusoidal.
The proposed FOSMC waveforms of output voltage and current are illustrated in Figure 13a. On the
other hand, the conventional PI controller waveforms of the output voltage and current are shown in
Figure 13b. The PI controller has alleviated slightly the effect of load current imbalance, but the output
voltage is notably unbalanced. Hence, the proposed controller performance is quite effective under
unbalanced load condition. Also, the THD of the output voltage is well under the IEEE standards.

o
N
o

Voltage (v)

Current (A)
& o o

o o

Offsei=0

Voltage (V)

0.34 0.35 0.36 0.37 0.38 0.39 0.4 oM 0.42 0.43 0.44

i Phﬁe a(ve) _____ Phaseb(vp) — Pl'!ase € (ve) J

Current (A)

0.41 0.42 0.43 0.44
Time (sec) | Phase a (i) _____Phase b (i) Phase c (ic) |

(b)

Figure 13. Waveform of output voltage and current under unbalanced linear load current: (a) phase-voltage
Voabe (Upper row) and current iy, (lower row) when proposed FOSMC is employed; (b) phase-voltage
Vgabe (Upper row) and current i,,;,. (lower row) when conventional PI controller is employed.

6.3. Nonlinear Load Condition

In this case, the proposed FOSMC is tested for the nonlinear loading condition as shown in
Figure 14a. Att = 0.4 s, a three-phase diode bridge rectifier, feeding series RL load (P = 4 kW,
Q =100 Var), is connected to the system. The proposed control strategy maintains the output voltage
stable and sinusoidal throughout the time while the current waveform is distorted due to the
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nonlinearity of the output load. The proposed controller completely removes the harmonics distortions
of the output voltage (v,45.) with THD of 1.53%, which is under acceptable value (5%) recommended
by IEEE. Furthermore, the proposed technique is robust against disturbances under different load
conditions. Also, it is demonstrated that SMVC is able to provide a good performance in tracking
the reference voltage signal. On the other hand, the PI controller is unsuccessful in mitigating the
harmonic distortions of the output voltage, both output voltage and current waveforms are shown in
Figure 14b. The THD of the output voltage is 6.85% which is much higher as compared to the proposed
control scheme i.e., 1.03%.

Voltage (V)

1 1 1 1 1

Phase a(va) ____ Phase b(vb) Phase ¢ (v)

Current(A)

B

0.34 0.35 0.36 0.37 0.38 0.39 0.4 0.41 0.42 043 044

Phase a (i) Phase b (i) Phase c (ic)

Offset=0

o
=3
S

Voltage (V)

=)

Current (A)
h o o

=)

0.34 0.36 0.38 0.4 0.42 0.44 0.46
Time (seq) | Phase a (ia) Phase b (ib) Phase ¢ (ic)

Figure 14. Waveform of output voltage and current under nonlinear load current: (a) phase-voltage
Voape (Upper row) and current i,,,. (lower row) when proposed FOSMC is employed; (b) phase- voltage
Voape (Upper row) and current i,,,. (lower row) when conventional PI controller is employed.

6.4. Step Load Change Condition

In this case, the response of the proposed controller is examined under the fluctuating load.
The system is energized and the voltage is stepped up to 500 V and kept constant for onwards time.
The system is subjected to two-step changes i.e., at t = 0 s half load is connected while att = 0.25 s,
the load change from 50% to 100% means the full load is connected shown in Figure 15. In both the
cases, the voltage, and current waveforms are stable, however, the amplitude of the current is increased
depending upon the load requirements, while maintaining the output voltage (v,,;.) constant, equal to
its reference value. This validates that the controller effectively rejected the dynamics load variations.
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Voltage (v)

Current (A)

0.36 038 0.4 0.42 0.44 0.46 0.48 0.5 0.52 054
Time (sec)

| Phase a (ic) _____ Phase b{i) Phase ¢ (ic] ‘
offatzo

Figure 15. Waveform of voltage v,,;, (upper row) and current i,,;,. (lower row) under step load change
current when proposed FOSMC is employed.

From simulation results, it can be concluded that the proposed FOSMC performance is robust
and precise under different load current conditions. Moreover, the proposed scheme is less sensitive
to external disturbance and system uncertainties and can achieve a very good voltage regulation
performance and exceptional THD compensation, hence, surpassed the conventional PI controller
performance. Table 4 shows the comparison between the proposed FOSMC and conventional PI
controller under different load conditions. Similarly, Table 5 demonstrates the comparison of different
control strategies in term of THD of output voltage under linear and nonlinear load conditions. It can

be observed that the proposed control strategy harmonics compensation capability is far better as
compared to other techniques.

Table 4. Comparison between Proposed FOSMC and PI Controller. THD: total harmonic distortion.

Load Types Proposed FOSMC Voltage THD (%) Conventional PI Controller Voltage THD (%)

Balanced load 0.44 1.83
Nonlinear load 1.03 6.84
No Load 0.37 1.53

Table 5. Comparison of different control strategies.

. % Voltage THD % Voltage THD Controller
Reference Control Technique LineafLoad N onlinegar Load Complexity
[3] PI 16 42 Low
[7] Dead Beat 2.1 4.8 Medium
[5] PR 1.4 4.6 Low
[14] MPC (observer based) 2.82 3.8 Medium
Proposed Fractional-order SMC 0.44 1.03 Low

According to Table 6, the proposed control strategy provides significant advantages compared to
classical SMC such as alleviate chattering phenomena, low THD at the output voltage, and high-quality
tracking accuracy.

Table 6. Some characteristics comparison between the proposed FOSMC and existing SMC schemes.

Characteristics Proposed FOSMC [23] [36] [37] [38]
Response time Very High High High High High
Tracking accuracy Fast Medium  Medium Fast Medium
Robustness Very High Moderate Moderate High High
Chattering phenomena No No Yes No No
Harmonic compensation Excellent Good Good Excellent  Excellent
Transient response Very Fast Fast Fast Very Fast Fast
THD% (Nonlinear load) 1.03 1.7 1.9 1.3 1.0
THD% (Linear load) 0.44 0.4 0.6 0.4 0.7

Reference tracking error (e,%) 1.89 2.7 - - 2
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Further, the main inherent characteristic of the FOSMC is robustness because the addition of
fractional-order calculus in SMC provide an extra degree of freedom which improves robustness
and accuracy.

6.5. Parallel Connected UPS Systems Operation

This case explains the parallel operation of two parallel-connected UPS systems feeding load
through an ac common bus. Extensive simulations have been performed to show system response
for parallel operation. Two types of load i.e., linear and distorted load have been investigated under
proposed FOSMC control. Droop control approach ensures accurate active and reactive power-sharing
between UPS systems. Figure 16 illustrates voltage and current waveforms of the parallel operation
of two UPS systems for the linear RL-series load, where the waveforms are sinusoidal and stable.
The output response for the distorted load is shown in Figure 17, where the system output voltage
is stable. However, the current waveform is distorted due to the nonlinearity of the output load.
Furthermore, the controller completely eliminates the harmonic distortions of the output voltage.
In order to satisfy proper active and reactive power-sharing, the output responses of the droop
control for two VSI's for the linear load is shown in Figure 18. The initial UPS-1 states are P1 = 2 kW,
Q1 =400 Var. The output active power of UPS-1 is changed at t = 0.25 s, from 2 kW to 4 kW,
and the reactive power is changed from 400 Var to 800 Var when additional load is switched on.
Att =0.32 s, output active and reactive power switched back to previous values when additional load
is disconnected. Similarly, for UPS-2 initial values of P2 = 2 kW and Q2 = 400 Var are kept. Att=0.255,
output active power is changed from 8 kW to 4 kW and reactive power is changed from 400 Var to
800 Var when additional load is connected in order to fulfill load power requirements. After t = 0.32's,
additional load is shaded and power values switched back to its initial results. Hence, the implemented
droop control approach efficiently and effectively satisfied power-sharing between UPS systems.

g

)

Voltage of DG-2 [\4)

g

1 1
Phase a(va) ______ Phase b (vb) Phase ¢ (ve)
I | |

6N

o

| |
Phase a(ia) ______ Phase b () Phase ¢ (ic)

I I
Phase a (va) Phase b (vb) Phase c (vc)

Current of DG-2 (4) Vo128 ofDG2(V) e nt of DG
-

500 | 1 i 1 1

I T T I
10 =
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- =]
10

1 I | i I I I ]

024 0.26 028 03 0.32 034 0.36
Offset=0 Time (sec} Phase a (ia) __ Phase b (ib) Phase ¢ (ic)

Figure 16. Waveform of voltage v,,;. (upper row) and current i,,,, (lower row) under linear load for
parallel operation of UPS-1 and UPS-2.
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Figure 17. Waveform of voltage v,,;,. (upper row) and current 7,,,. (lower row) under nonlinear load
for parallel operation of UPS-1 and UPS-2.
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Figure 18. Waveform of active power P (blue) and reactive power Q (red) under linear load for parallel
operation of UPS-1 and UPS-2.

7. Discussion

The main objective of this paper was to design a nonlinear voltage control strategy for single
and multi-parallel connected UPS system to maintain the quality of the output voltage despite
linear, unbalanced, nonlinear, and step load change current conditions. The performance was
validated using real-time domain simulation in MATLAB/Simulink. The behavior of FOSMC for
parallel-connected UPS system had not been examined so far, hence the main achievement of this

paper is the implementation of the proposed FOSMC for the parallel-connected UPS system feeding
common ac bus.
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8. Conclusions

In this paper, the voltage control strategy was proposed for single and parallel-connected UPS
system. The performance of the proposed nonlinear frictional-order SMC has been examined under
different load sceneries. It was demonstrated through real-time simulation that the control strategy can
effectively eliminate the THD of the output voltage and show robust response under unbalanced load
current condition. Furthermore, it maintains very good voltage regulation such as dynamic response
and steady-state error under the nonlinear or unbalanced load current conditions. The FOSMC were
less sensitive to external disturbances and system parametric uncertainties. The stability of the
proposed control strategy was proven by applying Lyapunov stability theory. The performance of
the proposed FOSMC was compared with conventional proportional integral (PI) controller, and the
simulation results show that the THD of the output voltage is 0.40% and 1.03% for FOSMC, and 1.82%
and 6.84% for PI controller under linear and nonlinear load, respectively.

In the future, the proposed control strategy will be extended to hybrid electric vehicles,
and bidirectional converter in a hybrid microgrid to maintain the power quality in both modes
of operation namely; inversion mode and rectification mode. The simulated results can be verified
using the hardware implementation.
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Nomenclature

Cr Filter capacitor

L Filter inductor

R Filter resistor

27; Three-phase inverter output voltage
z7i AC bus or capacitor voltage

? Inverter terminal current

z AC bus current

m Modulation index

Vie Dc-link voltage

0 Transformation angle

w Angular frequency

Baand B, Model uncertainties in dq axis

eq and g Voltage tracking error in dq axis

«, yand A Design choice parameters

Sqand S; Sliding surface in dq axis

r.D* Riemann-Liouville (RL) fractional derivative
my and my Feedback control law in dq axis

K; and K, Sliding gain in dq axis

Appendix A

Appendix A.1 Basic Fractional Calculus

The most commonly used three types of fractional-order calculus (FOC) are: the Grunwald-Letnikov (G-L)
type, the Riemann-Liouville (R-L) type, and the Caputo type. Three basic definitions of the FOC operators are:
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Definition A1. The a' order R-L fractional derivative and integration of a function f (t) with respect to t is given by:

WD) = G0 = iy G | e (an
o
t
)= Dat 0 =y | o <:)>1de (a2)
o
where m—1 < a <m (m € N) and I'(.) is Euler’s Gamma Function I'(« j et 14t

Definition A2. The a!"* order G-L fractional derivative and integration of a function f (t) is defined as:

t
GLDIXf( — a / f a+1 (A3)

t
JEF(E) = D (1) / (v)dr (A4

Definition A3. The a' order Caputo fractional derivative of a function f(t) is defined as:

SDfF(y =4 TG (A5)

Appendix A.2 Fractional Differentiator Approximation

Oustaloups recursive approximation algorithm is used to realize the fractional-order non-integer

differentiator (D ") and integrator (D'X_1 or I*) blocks of the proposed controller. Therefore, it approximates the
following transfer function:
H(s)=5s",re R r e [—11] (A6)

by an integer-order transfer function of the form:

M p
~ S+wWy
H(s)= C , A7
(s) Okzl——IM p—— (A7)
where frequency range w, < w < wy, and the remaining unknown parameters of F(s) are found by:
k+M+0.5(1—r)
) wy, IV
= A8
W = wyp ( wb) (A8)
k+M+0.5(1+4r)
wy, M+
= A9
Wy = Wp ( wb) (A9)
+ M
2
Co= (ﬂ> T %, (A10)
Wy /) k= m Wk

where wj, and wy, are the lower and upper limits of frequency and (2M + 1) represents the order of F(s).
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