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A Hybrid Estimator for Active/Reactive Power
Control of Single-Phase Distributed Generation
Systems with Energy Storage

Majid Pahlevani, Senior Member, IEEE, Suzan Eren, Member, IEEE, Josep M. Guerrero, Fellow, IEEE,
and Praveen Jain, Fellow, IEEE,

Abstract—This paper presents a new active/reactive power
closed-loop control system for a hybrid renewable energy gener-
ation system used for single-phase residential/commercial appli-
cations. The proposed active/reactive control method includes a
hybrid estimator, which is able to quickly and accurately estimate
the active/reactive power values. The proposed control system
enables the hybrid renewable energy generation system to be able
to perform real-time grid interconnection services such as active
voltage regulation, active power control, and fault ride-through.
Simulation and experimental results demonstrate the superior
performance of the proposed closed-loop control system.

Index Terms—AC/DC Converter, DC/DC Converter, Renew-
able Energy, Bi-Directional Converter, Grid-Connected Con-
verter, Adaptive estimator, State Observer, Double-Frequency
Ripple.

I. INTRODUCTION

ARVESTING energy from renewable sources such as

solar and wind energy has recently gained a large
momentum due mostly to environmental reasons. Nowadays,
people consider renewable energy sources to be a viable
mainstream source of power generation. In the ideal case, a
residential house should be self-sustainable and even support
the utility grid when needed. The main difficulty in realizing
this scheme is the intermittent nature of renewable energy
sources [1]-[3]. Therefore, reliability is the main concern for
harvesting renewable energy in the future. Energy storage
systems offer a great solution to complement the intermittent
nature of renewable energy systems [4]-[6]. In particular,
energy storage in the form of batteries in electric vehicles
(EVs) can effectively support the integration of the intermittent
renewable energy sources into distributed generations (DGs)
[7]-[10]. With the exponential growth of EVs, the batteries
in EVs can offer substantial energy storage capacity for
DGs. Besides energy storage, EVs can offer reactive power
compensation (VAR compensation), load balancing, current
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harmonic filtering and several other ancillary services [11]-
[12]. Considering the aforementioned capabilities, EVs and
energy storage units will be an inevitable part of smart grids
[13]-[18]. Fig.1 shows a typical arrangement of a hybrid
renewable energy generation system (HREGS). According
to this figure, a wind energy conversion system (WECS), a
solar inverter and an energy storage unit are included in the
HREGS. These three components perform intelligent energy
management. Only during days is the solar inverter producing
power, whereas the wind power generation is more pronounced
during nights. Using intelligent energy management, such as
peak shaving or power shifting, the extra power can be stored
in the energy storage unit and be released when it is required
[19]-[20].

From the aforementioned discussion, the importance of the
energy storage unit is very evident in order to complement
an intermittent HREGS. The focus of this paper is the active
and reactive power control of the energy storage unit used in a
residential scale HREGS. A single-phase bi-directional AC/DC
converter is the key component of an energy storage unit. If
an EV is used as the energy storage unit in this structure, the
AC/DC converter is included in the on-board charger. The bi-
directional AC/DC converter can effectively control the active
and reactive power between the grid and the battery as well as
performing other ancillary services. The control of the AC/DC
converter is of great importance to the integration of the energy
storage unit into the HREGS.

In single-phase systems, the real-time control of ac-
tive/reactive power is challenging due to the presence of
power ripple [21]-[23]. Conventionally, the active/reactive
power control in AC/DC converters is performed either in a
stationary reference frame or a synchronous reference frame
(synchronous with the grid voltage). Real-time calculations of
the active and reactive power for the feedback control system
in a single-phase system requires low bandwidth filtering due
to the double frequency power ripple. Herein lies the difficulty
with the conventional control system. Thus, this paper presents
a novel hybrid observer, which is able to eliminate the need
for filtering the double frequency ripple in the instantaneous
power signal, resulting in a fast response in the active/reactive
power closed-loop control system.

In three-phase systems, calculating the active and reactive
power is fairly simple. Conventionally, the Clarke transforma-
tion is used to convert the three-phase variables to a rotating
vector in the stationary a3-frame, then the Park transformation
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Fig. 1. Hybrid renewable energy generation system for residential/commercial applications.

is used to convert the rotating vector to a stationary vector
in the rotating dg-frame [25]. In single-phase systems, the
same idea can be applied by generating an orthogonal signal
from the main signal, and then using the same concept to
extract the active and reactive power in a single-phase system
[26]-[31]. Although this technique can effectively extract the
active and reactive power from the instantaneous power signal,
the orthogonal signal generation can add complexity and
delay to the active/reactive power calculations. Recently, the
Second-Order Generalized Integrator (SOGI) has been used
for grid synchronization [65]-[69]. This technique utilizes
two integrators in order to generate orthogonal signals and
use them to extract the phase/frequency information. This
technique is a very good candidate for grid synchronization.
The active and reactive power can also be estimated by using
the orthogonal signal generator for the grid current as well as
the grid voltage. Then, through having the orthogonal signals
for the current and the voltage, the active and reactive power
can be estimated. Although this technique provides a simple
and practical solution for grid synchronization, it involves a
rather complicated algorithm for measuring the active and
reactive power due to the fact that the amplitudes and phases
of both the voltage and current should be calculated. This
method is also very susceptible to the harmonic content of
the grid voltage and grid current. In order to mitigate the
impact of harmonics, multiple modules should be implemented
for different harmonics, which is called the Multiple Second
Order Generalized Integrator Frequency-Lock Loop (MSOGI-
FLL) [68]. The Adaptive Notch Filter (ANF) is another

grid synchronization method that can be used to extract the
phase/frequency information [71]-[74]. The structure of the
ANF, like the SOGI, also generates orthogonal signals. How-
ever, the frequency calculation using the orthogonal signals
is performed differently. Similarly, the ANF can be used to
estimate the active and reactive power. However, it has the
same difficulties as the SOGI for active and reactive power
estimation.

Another technique used to calculate the active and reac-
tive power is the Discrete Fourier Transform (DFT). DFT
can calculate the amplitude and angle of the voltage and
current signals, and in turn, calculate the active and reactive
power. However, the DFT requires at least one line cycle
to precisely calculate the amplitude and phase of a signal.
Thus, this method cannot be used to implement the real-time
active/reactive power control required in future smart grid
applications. In this paper, a hybrid estimator is proposed,
which is able to rapidly estimate the active and reactive power
generated/drawn by the AC/DC converter. Therefore, the pro-
posed approach can be the solution for applications where real-
time active power control and reactive power compensation is
required. To the best of the authors knowledge, the proposed
hybrid estimator is the only estimator with proven global
asymptotic stability for this application. The specific structure
of the hybrid estimator offers global asymptotic stability,
which leads to a reliable and robust closed-loop control system
for active and reactive power control.

This paper is organized as follows. A summary of intelli-
gent energy management for grid-connected power converters
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Fig. 2. Smart grid functionality.

is presented in section II. The proposed hybrid estimator
for active/reactive power control of the AC/DC converter is
presented in section III. Section IV presents the closed-loop
control system of the AC/DC converter. Section V includes the
stability analysis of the proposed hybrid estimator. A compar-
ative study of the proposed hybrid estimator is presented in
section VI. The performance of the closed-loop control system
is evaluated through computer simulations in section VII. In
section VIII, the experimental results obtained from an AC/DC
converter prototype are presented. Finally, section IX is the
conclusion.

II. INTELLIGENT ENERGY MANAGEMENT FOR
GRID-CONNECTED POWER CONVERTERS

In order to implement a reliable HREGS with intelligent
energy management for residential applications, the power
converters interfacing the utility grid must be able to perform
several functions, such as active power control, reactive power
compensation, active voltage regulation, and fault ride-through
[32]-[34]. In this section, brief descriptions of these different
functions are presented in order to elaborate on the emerging
grid-connection requirements.

Currently, the regulatory standards for power converters
interconnected with DGs (e.g., ULI741, and IEEE 1547)
require the power conditioning system to be disconnected
from the utility grid in case of abnormal conditions [35]-
[37]. For instance, if the output voltage of the converter
(grid voltage) is less than 88% or greater than 110% of the
nominal voltage, the converter must be disconnected from
the grid [35]. This requirement is imposed in order to save
the equipment in fault/over voltage conditions. However, as
DGs get more dominant, regulating the voltage to be in this
range is very difficult. Therefore, the concept of having active
voltage regulation provided by the renewable energy power
conditioning system in the near future is becoming inevitable.
By injecting reactive power, the active voltage regulation can
be performed locally [38] in order to maintain the voltage level
and avoid disconnection. Fig.2 (a) shows a typical trajectory
for the reactive power compensation used to perform active
voltage regulation. This figure shows how much reactive power
should be injected as the voltage changes beyond the normal
limits. In this figure, .S,, is the rated apparent power (Volt-
Amp) of the power converter and V;, is the rated grid voltage

(e.g., 240V for split-phase systems).

A. Active Power Control

The active power control gives the power converter the
flexibility to adjust the output power based on the variations
in the line frequency [34]. For example, an increase in the
line frequency means that there is too much power. Thus,
the power converter should reduce the power until the fre-
quency reaches normal conditions. According to regulatory
standards in North America (e.g., ULI741, and IEEE 1547),
the frequency must remain between 59.2Hz and 60.6Hz.
Therefore, if the frequency reaches beyond the aforementioned
limits, the power converter must be disconnected (islanded)
from the utility grid [35]. However, as distributed generation
becomes more prevalent, it has a significant impact on the
utility grid and the grid frequency can not be tightly fixed
within the aforementioned limits [38]. Thus, local frequency
regulation achieved by controlling the active power will soon
be mandatory to be able to guarantee the stable operation
of the distributed generation system. Fig.2(b) shows a typical
trajectory for active power control. In this figure, f;n. is the
line frequency, f, is the nominal frequency (e.g., 60Hz in
North America), and P, is the rated power of the power
converter. With this trajectory, the power converter can sig-
nificantly mitigate the over-supply of power locally, leading
to a more stable operating frequency.

B. Fault Ride-Through

As the share of renewable energy sources is growing
exponentially, the capability of supporting the grid under
fault/disturbance conditions is becoming essential. This ca-
pability, basically, enables the power converter to remain
connected and supply reactive current to support the grid
voltage during fault/disturbance conditions [39],[40].

Fig.2(c) shows the fault ride-through profiles for a grid-
connected power converter. According to these profiles, the
power converter remains connected and supplies reactive
power up to some point. In the event of a fault, the power
converter continues to operate and support the grid by
injecting reactive power, given that the voltage follows the
expected profile shown in Fig.2 (c), until the voltage reaches
a value in the normal range.
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Considering the aforementioned discussion, the need for a
fast and reliable active/reactive power closed-loop control sys-
tem is inevitable in order to meet the emerging requirements
for grid connection. In a practical HREGS, energy storage is
required to effectively complement the intermittent renewable
energy sources. Fig.3 shows a power conditioning system for
an energy storage unit used in residential/commercial applica-
tions. According to this figure, the power conditioning system
includes two stages: a bi-directional AC/DC converter and
a bi-directional DC/DC converter. The bi-directional AC/DC
converter is usually a single-phase active rectifier and the bi-
directional DC/DC converter is commonly an isolated dual
active bridge converter [41]-[42]. There is an LCL-filter at
the input of the active rectifier used in order to eliminate the
high frequency harmonics [43]. An intermediate DC-bus is
between the two stages and is needed in order to alternate
the power ripple. According to Fig.3, the active rectifier is
the interface between the DG and the energy storage unit.
The active rectifier control system should provide a fast and
reliable closed-loop controller for active/reactive power control
between the DG and the energy storage unit.

In the next section, a hybrid estimator is proposed, which is
able to estimate the active and reactive power very quickly and
reliably. The hybrid estimator is used in the closed-loop control
system, which regulates active/reactive power in a single-
phase power generation system for residential/commercial
applications.

III. PROPOSED HYBRID ESTIMATOR FOR
ACTIVE/REACTIVE POWER CONTROL

The control system of an AC/DC converter generally in-
cludes two external control loops, which determine the ref-
erence signal for the internal current loop. The two external
control loops are the active power control loop and the reactive
power control loop. The active power control loop usually
regulates the DC-bus voltage in order to balance the active
power flow [41]. This loop basically determines the amplitude
of the current component aligned with the grid voltage.
The reactive power control loop determines the quadrature
current component (90° phase-shifted from the grid voltage).
In this control system, the main difficulty is related to the
active/reactive power calculation block, which feeds back the

active power and reactive power signals to the closed-loop
control system. In single-phase power conditioning systems,
the extraction of the active power and reactive power requires
a low pass filter with a very low bandwidth. In a single-phase
system, the instantaneous power is given by:

(1)

where v, is the grid voltage and i, is the grid current. Let’s
consider the grid voltage and grid current to be as follows:

Dg,inst = Uglg

vg = V sin(wt) ()
ig = Isin(wt + 1) 3)

Thus, the instantaneous power is given by:
Pg,inst = P — P cos(2wt) + @ sin(2wt) 4)

where P = Vs lrms cos(1)) is the active power, and Q =
VimsIrms sin(t) is the reactive power.

According to (4), extracting P and @) from the feedback
signals requires low pass filtering with a very low bandwidth.
This will result in very sluggish transient performance, and an
inability to actively provide functions, such as active voltage
regulation, active power control, and low voltage fault ride-
through. In this section, a adaptive nonlinear estimator is
presented, which is able to rapidly calculate the active and
reactive power.

The objective of the proposed nonlinear adaptive estimator
is to estimate P and ) from pg ins, Which is given by (4),
without significantly compromising the signals’ dynamics. The
state variables of the estimator are defined as:

X1 = Pg,inst ®)
1.

o = %(L'l (6)

According to (4), the estimator dynamics is derived as:
X=FX+Go (7
where 8 = P, X = xl,F: 0 2w,and

To —2w 0
0
6= (5,

In (7), & = P is the unknown parameter. The problem

in estimating @ is that 6 appears in the second equation
in (7), which determines the dynamics of zs. Since zo is
not measurable, it is not possible to estimate 6. The only
observable state is z1 = pgns¢ (differentiating x; is not
practical due to the noise amplification). Thus, the following
change of variables is proposed to rectify this issue:

&Y (1 0\ (= 0
(gg_—11x2+—19
The dynamics of the system with new variables is given by:

9

®)

x=F.x+G.0

where y = <§1) F' = ( 22; 2;;), and G/ = (2SJ>
) _ _
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Fig. 4. Block diagram of the proposed hybrid nonlinear adaptive estimator.

It is worthwhile to emphasize the importance of the change
of variables given by (8). This change of variable makes
the dynamics observable for the estimation of the DC-value.
Therefore, it makes it possible to design an estimator for the
DC-value. According to (9), the unknown variable ¢ appears in
the measurable dynamics (i.e. £1). In the new coordinates the
unknown variable 6 is observable and the nonlinear adaptive
observer is given by:

él 2w 2w 2w §1 aq ~
G|l =4 22 0 )+ | a2 | & (10
9* 0 0 0 0 2w

where §~1 =& — él, and o1, ai, 1 are the observer gains.

According to (4), there are three coefficients in the expres-
sion for instantaneous power. The first coefficient represents
the DC offset (P), the second coefficient represents the coef-
ficient of the cosine function (—P), and the third coefficient
represents the coefficient of the sine function (Q)). By using
(10) the only coefficient that can be estimated is the first
coefficient, P. However, there are two more coefficients (—P
and Q) that should be estimated. The proposed estimator for
these coefficients is designed as:

pP= —72 €08(2wt) Py inst (11)
Q = 3 Sin(2wt) Py, inst (12)
Dg.inst = Dg,inst — [é — Pcos(2wt) — Qsin(th)] (13)

Therefore, the proposed hybrid estimator is given by:

€1 = 206, + 2wés + 200 + anf) (14)

€y = —dw) — 2obs + anéy (15)

6 = 2w (16)

Dg,inst = Dg,inst — [é — [:’cos(Zwt) + Qsin(th)] (17)
If’ = —79 cos(2wt)Py,inst (18)

Q = 73 $in (2w inst (19)

The hybrid nonlinear adaptive estimator described by (14)-
(19) is able to rapidly estimate the active power and reactive
power in a single-phase power conditioning system. The block
diagram of the proposed hybrid estimator is shown in Fig.4.
Using this estimator to extract the values of the active power
and reactive power allows the active/reactive power control
loops to have a very high bandwidth. Thus, the proposed
estimator provides a practical solution to implement different
real-time grid interconnection functionalities such as active
voltage regulation, active power control and low voltage ride-
through.

It is worthwhile to mention that the main difference between
the proposed estimator and other adaptive observers is its
hybrid structure, in the sense that the estimator includes two
sub-estimators (as shown in Fig.4). The first estimator is
responsible for estimating ¢, which is the active power, and
then the estimated value 6 is fed to the second estimator,
which estimates the active and reactive power values. This
hybrid structure allows the estimator to produce a very robust
and precise estimation. The hybrid structure also results in
the global asymptotic stability of the estimator, as will be
shown in section V. When only a simple adaptive filtering
algorithm (e.g., gradient descent, least mean square, etc.) is
used to estimate the active and reactive power values, the
stability and convergence of the estimator are not guaranteed
and the estimator may produce inaccurate values for different
operating conditions.

IV. ACTIVE/REACTIVE POWER CLOSED-LOOP CONTROL
SYSTEM

In the previous section a hybrid nonlinear adaptive estimator
has been proposed, which is able to accurately and quickly
estimate the active and reactive power. In this section, it is
explained how this estimator fits into the energy storage unit
control system. Fig.5 shows the general block diagram of the
control system for the energy storage unit. According to Fig.5,
the control system includes the AC/DC converter controller
and the DC/DC converter controller. In order to have a prac-
tical energy storage unit with grid interconnection functional-
ities, reliable communication is essential between the control
system and other components of the HREGS in a distributed
generation platform. Two common types of communication
for this application are Power Line Communication (PLC')
and wireless RF-communication. PLC has been used in the
industry for quite a long time. However, recently wireless
communication has been given a lot of attention due to its
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flexibility and ease of integration. The capability of integrating
the energy storage unit into the home automation systems is
very desirable. In particular, Zigbee wireless communication
has recently been used in several industrial products [44]-[46].
The AC/DC converter can operate either in autonomous
mode or in non-autonomous mode. In autonomous mode, the
reference values for the active power and reactive power are
adaptively generated based on the grid condition detected by
the AC/DC converter. Whereas, in the non-autonomous mode,
the reference values for the active power and reactive power
are determined by the communication unit. The operating
mode can be set by the user based on the local grid conditions.
The signal ”Auto_EN” determines whether the control system
operates in autonomous mode or non-autonomous mode.
Fig.6 shows the AC/DC converter closed-loop control sys-
tem in detail. According to this figure, the active power and

reactive power are estimated through the proposed hybrid non-
linear adaptive estimator. The feedback signals are compared
to the reference values for the active power and reactive power.
The reference signals are produced either based on the grid
conditions detected by the converter in autonomous mode, or
externally from the communication unit. In autonomous mode,
the main concern is mainly to provide active grid stabilization
in a real-time manner. The main obligation in non-autonomous
mode is to perform energy management. This is usually done
through scheduled energy management. For instance, during
the daytime when PV panels produce a lot of power, the energy
management unit can store energy in the energy storage unit
by peak shaving or power shifting. Then, during the evening
the energy can be released from the energy storage unit based
on the demand.



V. STABILITY ANALYSIS OF THE CLOSED-LOOP CONTROL
SYSTEM

In this section the stability of the closed-loop control system
is analysed. In particular, the stability of the proposed hybrid
estimator as a component in the closed-loop control system is
of interest. According to Fig.6, the closed-loop control system
includes an internal current loop, which is responsible for
controlling the grid current, and an external power loop, which
determines the reference value of the grid current such that the
desired active and reactive power is tracked. The idea followed
in this paper is to separate the stability analysis of the internal
loop and external loop using singular perturbation theory [60]-
[64]. Then the stability of the hybrid estimator is analysed as a
part of the external power loop. Singular perturbation theory
is well suited for control systems that have state variables
with different rates of change. This theory allows a typical
nonlinear system to be broken down into subsystems with
different time scales. Since the internal control loop is much
faster than the external control loop, this theory can be applied
to the closed-loop control system. The grid current control
loop has much faster dynamics than the power control loop.
The current control loop with fast dynamics is duly named
the fast boundary layer and the power control loop with slow
dynamics is named the slow quasi-steady state (these notations
are based on the lexicon used in the singular perturbation
theory [60]-[64]). In order to separate the dynamics of the
system, some conditions should be satisfied. These conditions
are laid out by the singular perturbation control theory and
in particular Tikhonovs theorem [60]. This theorem states that
for the system defined below,

flf fa.z,1) (20)
p % = g1 @)
the singular limit, ¢ = 0 , is used to obtain the following
system,
dx
= = {2 (22)
z = ¢(x,t) (23)

where the second of these equations is the solution of
g(x,z,t) = 0. Egs.(22)-(23) are called a degenerate system.
When p converges to zero, the solution of the system (20)-(21)
tends to the solution of the degenerate system if z = ¢(z,t)

is a stable root of the adjoined system u—z = g(z, z,1).

The mathematical model of the grid-connected AC/DC con-
verter with an LCL-filter is given by:

di, 1 1

Lo - — 24

it L, ¢ I, ° 24)
direc 1 1

= - 25

dt LT@C UC Lrec UAB ( )
dvc 1 . 1 i

“dt = 6251 - El'rec (26)

According to (24)-(26) and Fig.6, the fast dynamic is stable
by choosing appropriate state-feedback K.X. Therefore, by

using the Tikhonov’s theorem, the stability analysis of the
system can be narrowed down to the stability analysis of the
external power loop. Intuitively, the fast dynamics given by
(24)-(26) can be considered in their steady-state in the stability
analysis of the external power loop according to Tikhonov’s
theorem.

The stability of the external power control loop depends
on the hybrid estimator and the active and reactive power
controllers. Again, the singular perturbation theory can be
used to separate the stability analysis of the estimator and
the controllers in the external power loop since the speed
of the hybrid estimator is much faster than the controller by
design. Therefore, the stability of the control system depends
on the stability of the hybrid estimator. If the hybrid estimator
is stable, the power controllers can be designed such that
the stability of the closed-loop is guaranteed. Subsequently,
the stability of the hybrid estimator is analysed. In order to
evaluate the stability of the proposed hybrid estimator, the
error dynamics must be derived. According to (9)-(13), the
error dynamics of the hybrid estimator is derived as:

The stability analysis of the proposed hybrid estimator is
performed using the Lyapunov stability theorem. The Lya-
punov function is defined based on the error systems given
by (27). Therefore, the Lyapunov function is given by:

1
02+—P2

1 -
£+§+pm+ —Q* (28)
! 2 9t T 9y 279 V3

The derivative of the Lyapunov function is given by:

V flgl + 5252 +pg 'Lnstpg inst T 79191 + PP+ QQ
T

According to the error dynamics (27) and choosing the fol-

lowing coefficients:

a1 ERT, as =2w, 71 ERT, p=y3=7€RT,

the derivative of the Lyapunov function is derived as:

V - _0415%_0425% _’Yﬁ?y,inst_zrylwﬁg,instél +77(I37 Qa t)p~g,inst

(30)
where
n(P,Q,t) = 2w[P(cos(2wt) + sin(2wt)) + Q(cos(2wt) —
sin(2wt))].

,a; > 7, and v = 1, where,

4w(Ppaz + Qmax) the derivative of the Lyapunov function
is negative semi-definite. Therefore, the hybrid estimator can
render the derivative of the Lyapunov function negative semi-
definite. Therefore, only the stability (in the sense of bounded-
ness) of the error dynamics is guaranteed not the asymptotic
stability [47]. Usually, when the derivative of the Lyapunov
function is not negative-definite, LaSalle’s invariance principle
can be used to infer the asymptotic stability [48]-[50]. Using
LaSalle’s invariant set theorem, the set of points for which
V = 0 is determined. Then an invariant subset of this set is
determined and it is shown that the error signals remain in
this subset at all future times. LaSalle’s invariant set theorem
can not be applied to this particular system since the system
is time-variant (non-autonomous) according to (27). For time-
varying (non-autonomous) systems, Barbalat’s Lemma can be
used to analyse the asymptotic stability [51]-[52]. Barbalat’s
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Lemma states that if the time-variant Lyapunov function is given by:

A1) = V(E(D)). where E(t) = (61,6052 1u0.0, P, Q). -

satisfies the following conditions: t+; ) T

o U(t) is lower bounded, /t cos”(2wr)dr = >0 (33)

. 19(t) is negative semi-definite, )
e () is uniformly continuous in time (equivalently, ()
is finite),

Then, 9(t) = V(E(t)) — 0 as ¢ — 0 (i.e., asymptotic
stability of the error system).

According to (28)-(30), 9(t) = V(E(t)) is lower bounded
and negative semi-definite. In order to prove that ¥(t) is
uniformly continuous, ¥(t) is calculated as follows:

i) = (20f + fLWQVf)ff — 4o — az)w€i€r — dagwd
+4a2w§2 (2"‘}71041 + 2wv>€1ﬁg inst
_4w ’7152179 inst — 4w 719109 inst o
—4w?y, sm(2wt)§1P 4wy cos(?wt)ng
+7](P Q t)pg inst T 271‘*)6177(]3 Qa ) o
—YPg.inst(P; Q, t) + 2w sin(2wt) Pn(P, Q, 1)
+2w cos(2wt)Qn(P, Q, t)

(3D
All terms in the right-hand side of (31) are bounded. Thus,
19(15) is uniformly continuous and according to Barbalat’s
Lemma (51,52,]59@“) = (0,0,0) is the asymptotic stable
equilibrium of the error dynamics.

Eqgs.(30)-(31) and Barbalat’s Lemma only prove the asymp-
totic stability of the error signals (§:1~, §-2, Dg.inst)- However,
the convergence of the parameters (6, P, () have not been
proven. In order to prove the convergence of the adaptive
parameters to their actual values, the persistency of excitation
(PE) theorem can be used [47]. This theorem states that if the
update laws are persistently excited, global asymptotic stability
is ensured for the estimation errors. In particular, in order
to have persistency of excitation for a scalar function, ¢(t)
, the following condition must be satisfied for two positive
real values T and A:

t+T
/ H*(T)dT > X >0 (32)
t

In single-phase power conditioning systems, due to the exis-
tence of the double-frequency harmonic, the condition of the
PE theorem is usually satisfied. Therefore, this great advantage
has been used in the proposed hybrid estimator in order to
precisely estimate the active/reactive power. In particular, for
the active and reactive power, the PE theorem’s condition is
satisfied according to (18)-(19). For the active power adaptive
law (18), ¢ p(t) = — cos(2wt) and the PE theorem’s condition

Similarly, for the reactive power adaptive law (19), ¢q(t) =
sin(2wt) and the PE theorem’s condition is given by:

27
t+—
/ Y sin?(2wr)dr
¢

According to (33)-(34), the update laws in the proposed
hybrid estimator are persistently excited. Therefore, the PE
theorem proves the global asymptotic stability of the equilib-
rium point (0,0,0) for (6;, P, Q).

Fig.7 shows the transient performance of the proposed
hybrid estimator. This figure shows that it is able to estimate
the active and reactive power very quickly (less than half a
line cycle). The trajectory of the proposed hybrid estimator
is illustrated in Fig.8. Fig.8 depicts how the system is steered
from one steady-state condition to another with different active
and reactive power values. Fig.9 shows the limit cycles for the
active and reactive power estimated by the proposed hybrid
estimator.

According to the derivative of the Lyapunov function, the
speed of the convergence for the active and reactive power
is related to the coefficients, v1, 2, and, 3. According to
Fig.7, these coefficients can be adjusted to achieve very fast
convergence of active and reactive power estimation.

=Z>0 (34)
w

VI. COMPARATIVE STUDY

In this section, the proposed hybrid estimator is compared
to the state-of-the-art signal processing techniques used for
this application. The intention is merely to shed some light
on the advantages and disadvantages of the hybrid estimator
compared to other methods. Most of the state-of-the-art signal
processing techniques for grid-connected power converters are
based on some type of orthogonal signal generation (OSG)
[65]-[69]. The amplitude, phase, and frequency of the signal
can easily be extracted using the respective orthogonal signals
[68]-[69]. In balanced three-phase system, the orthogonal sig-
nal generator is implemented by using the Clarke transforma-
tion [70]. However, in unbalanced conditions and single-phase
systems, the orthogonal signal generator is not very straight
forward. Among the state-of-the-art methods, the Second-
Order Generalised Integrator (SOGI) and Adaptive Notch
Filter are commonly used for this application. Therefore, the
performance of the proposed hybrid estimator is compared to
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that of the SOGI and the ANF. The SOGI has widely been
used for grid synchronization [65]-[69].

Fig.10 shows the block diagram of the SOGI-based Phase-
Locked-Loop (PLL). According to this figure, a second-order
generalized integrator is used to generate orthogonal signals.
Then, the phase, frequency and amplitude of the signal are cal-
culated using the orthogonal signals. This PLL can be used to
estimate the active and reactive power for the power feedback
signals. Fig.11 shows the block diagram of the closed-loop
control system using SOGI PLL to estimate active/reactive
power. The advantages of this technique are the fairly fast and
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Fig. 12. ANF-based Phase-Locked-Loop (PLL) [73].



Fig. 13. Active/reactive power estimator using ANF-based PLL.

2nd Stage Estimator

-0

1st Stage Estimator

Pinst —g

Fig. 14. Two-stage estimation of the proposed hybrid estimator block diagram.

accurate signal processing capability and good noise rejection
[66]. However, the use of the SOGI has some drawbacks;
namely, the tuning of the passband width and the static centre
frequency. Even though this technique provides a simple and
practical solution for grid synchronization, it involves a rather
complicated algorithm for measuring the active and reactive
power due to the fact that the amplitudes and phases of both
the voltage and current should be calculated. Also, if the grid
frequency were to drift out of the passband, the SOGI would
not be able to properly track the phase of the grid voltage
without a leading or lagging effect. Adaptive variation of the
coefficient w is required to rectify this issue. That makes
the digital implementation of this algorithm computationally
intense. In addition, the SOGI is susceptible to the harmonic
contents of the grid voltage and grid current. In order to
mitigate the impact of harmonics, multiple modules should
be implemented for different harmonics, which is called the
Multiple Second Order Generalized Integrator Frequency-
Lock Loop (MSOGI- FLL) [65].

The second commonly used technique for grid synchroniza-
tion is ANF [71]-[74]. Fig.12 shows the block diagram of the
ANF PLL. According to this figure, the ANF uses the SOGI
structure to produce the orthogonal signals. However, the ANF
uses a different adaptive law to estimate the frequency/phase.
Therefore, the ANF can adaptively track the grid frequency.
Fig.13 shows the block diagram of the closed-loop control
system using an ANF to estimate the active and reactive power
signals. This figure shows that the ANF blocks estimate the
amplitude and phase of the grid voltage as well as the ones
for the grid current. Therefore, the active and reactive power
can be estimated using the extracted information. The ANF-
based estimation has more or less the same difficulties as the

Fig. 15. Comparison of transient performance of the Hybrid Estimator (HB),
SOGI, and ANF.

TABLE I
COMPARISON IN TERMS OF DIGITAL IMPLEMENTATION

Operation SOIC  ANF  Hybrid Estimator
Integrators 4 4 5
Multipliers 12 8 14
Add/Sub Blocks 9 5 9
LPFs 2 2 0
Trigonometric Functions 2 2 2

SOGTI technique. Also, both of these methods require low pass
filters for the output variables to produce smooth estimations.
In addition, if there are DC offsets in the grid voltage or
the grid current signals, the ANF and SOGI methods can not
accurately estimate the power feedback signals.

Unlike the ANF and SOGI techniques, the proposed hybrid
estimator does not use an orthogonal reference generator to
process and reconstruct the signal. Therefore, it can mitigate
the aforementioned disadvantages related to the ANF and
SOGI techniques. The hybrid estimator performs the estima-
tion in two consecutive stages. The first stage estimates 0,
which is the DC value of the instantaneous power. Then 6 is
used to estimate the active and reactive power. This double
layer estimation creates robustness in the estimation. Also, it
smooths out the final estimation. Thus, there is no need for
Low-Pass Filters (LPFs) at the output of the hybrid estimator.
Fig.14 shows the two-stage structure of the proposed hybrid
estimator.

In terms of digital implementation the aforementioned three
techniques have different levels of complexity. Therefore, the
hybrid estimator is compared with the SOGI-based estimator
and the ANF-based estimator in terms of digital implemen-
tation. TABLE I summarizes this comparison. According to
TABLE 1, the proposed hybrid observer requires more in-
tegrators as well as multipliers compared to the other two
methods. However, with a resource sharing technique, the
number of operators can be reduced significantly in the digital
implementation [75]-[77].

Fig.15 illustrates the transient performance of three differ-
ent estimators (hybrid estimator, SOGI estimator, and ANF
estimator). This figure shows that the hybrid observer is able
to quickly estimate the active and reactive power from the
instantaneous power. Also, due to the double-layer estimation
of the hybrid observer, the estimation results are very smooth
compared to the SOGI and ANF, which usually require a
moving average filter to remove the ripple.

VII. PERFORMANCE ANALYSIS THROUGH SIMULATION

In this section, the performance of the proposed ac-
tive/reactive power controller is evaluated through computer
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simulations. TABLE II contains the AC/DC converter speci-
fications used to conduct the simulations for the closed-loop
control system. The simulations in this section are conducted
using PowerSim V.9.3.2.

Fig.16 illustrates the transient performance of the proposed

Fig. 20. Response of the hybrid estimator against line frequency change.

hybrid estimator for different step changes in the active and
reactive power. This figure depicts the transient response when
a 50W step change in the active power and +450VAR step
change in the reactive power are applied. It should be noted

TABLE II
AC/DC CONVERTER SIMULATION PARAMETERS
Symbol Parameter Value
Pratted Rated Power 32k
Vsus DC-Bus Voltage 400 — 450V DC
vg Grid Voltage 208 — 246V AC
fsARr Switching Frequency 20kHz
Lyec Rectifier Side Inductor 2.56mH
Ryrec Rectifier Side Equivalent Resistance 35mS2
Ly Grid Side Inductor 0.307"mH
Ry Grid Side Equivalent Resistance 15mQ2
C LCL-Filter Capacitance 2.2uF
CBus DC-Bus Capacitor 470uF
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that the grid current and grid voltage shown in Fig.16 are
the corresponding sampled values. This figure shows the very
fast and accurate estimation of the active and reactive power
performed by the proposed hybrid estimator. Fig.17 shows
the performance of the closed-loop control system of the
AC/DC converter when the feedback signals for the active
and reactive power are estimated by the proposed hybrid
estimator. Fig.17 shows the stable operation of the closed-
loop control system. In Fig.18, the performance of the hybrid
estimator against harmonics is evaluated. In this figure, 7%
of the third harmonic, 5% of the fifth harmonic and 3% of
the seventh harmonic have been applied to the grid current.
This figure shows that the hybrid estimator can compensate
the error caused by the harmonics through the instantaneous
power error p;,s¢. It should be noted that the aforementioned
harmonics are applied to the grid current waveform. The
hybrid estimator shows the same performance for the voltage
harmonics since it processes the instantaneous power. Fig.19
shows the performance of the hybrid estimator when the grid
voltage is subject to flickers. According to this figure the
hybrid estimator is able to recover the estimated values very
quickly. The performance of the hybrid estimator when there
is a change in line frequency is depicted in Fig.20. In this
figure, the line frequency changes from 60Hz to 61.1Hz.
The grid frequency is tracked by the PLL and is given to
the hybrid estimator. This structure creates another level of
robustness against noise, since the PLL generates a clean

frequency estimation and inserts it into the hybrid estimator.

VIII. EXPERIMENTAL RESULTS

An experimental prototype of an AC/DC converter has been
implemented in order to evaluate the performance of the pro-
posed active/reactive power control method. The specifications
of the implemented AC/DC converter are given in TABLE III.

TABLE III
SPECIFICATIONS OF AC/DC CONVERTER EXPERIMENTAL PROTOTYPE

Symbol Parameter Value
P Power 3.2kW
VBaT Battery Voltage 235 — 430V
IpaT Battery Maximum Charging Current 10A
vg Grid Voltage 208 — 246V
ig Rated Grid Current 16A
fsAR Switching Frequency 20kH =z
Lyec Rectifier Side Inductor 2.56mH
Rrec Rectifier Side Equivalent Resistance 35mS2
Lyg Grid Side Inductor 0.307mH
Ry Grid Side Equivalent Resistance 15mQ
C LCL-Filter Capacitance 2.2uF
Cgus DC-Bus Capacitor 470pF

The control system is implemented using a Field-
Programmable Gate Array (FPGA). FPGAs are able to pro-
vide a very fast and reliable solution to digitally implement
the proposed control system. In particular, the Cyclone IV
EPACE22F17C6N from Altera is used to implement the



13

LeCroy|

Irec

Vg

LeCroy

Iy,

7\ k

A

A
\

\
Vv
V

@

(b)

Fig. 24. Experimental waveforms of the AC/DC converter when the converter performs reactive power compensation (steady-state).

control system. This FPGA provides a very fast and cost-
effective solution for the control of power converters. Dif-
ferent control loops are implemented using VHSIC Hardware
Description Language (VHDL). The control loops in VHDL
codes are based on the new IEEE “fixed-point” library, which
is supported by VHDL-2008 compilers [53], [54].

Fig.21 shows the block diagram of the digital control system
implemented by the FPGA for the AC/DC converter. Accord-
ing to this figure, the communication system provides the
reference values for the active power and reactive power in the
non-autonomous mode of operation. The energy management
unit decides the mode of operation based on the grid conditions
and the signals produced by the communication system. Once

the reference values for the active and reactive power have
been determined, the active/reactive power controller produces
the reference signal for the grid current based on the reference
values and the active and reactive power feedback signals
estimated by the proposed hybrid estimator. Then the internal
current loop controls the grid current accordingly.

Using FPGAs in implementing the control loops has re-
cently been very popular due to the speed and reliability
that they provide in implementing complex control algorithms
[55]-[58]. In order to implement the proposed hybrid estimator
by the FPGA, the equations of the hybrid estimator must be
discretized. The equations of hybrid estimator in the discrete
format are given by:
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Fig. 26. Experimental waveforms of the AC/DC converter when a step change of 1800 VAR (lag) is applied (transient).
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The coefficients of the hybrid estimator should be designed
such that the estimator has a much faster convergence speed
compared to the power controllers bandwidth. According to
Fig.14, o and ~ determine the speed of the first stage of
the hybrid estimator, and ~; and -, define the speed of the
second stage of the hybrid estimator. The coefficients o and

Ts .
—i-?w, sin(2wn —

~ are chosen to produce a more aggressive response for the
estimation, and the coefficients v, and -, are selected to
produce a smooth estimation of the active and reactive power.
TABLE IV shows the selected values for these coefficients in
the experimental implementation.

TABLE IV
HYBRID OBSERVER COEFFICIENTS
Symbol Parameter Value
« PDinst coefficient 365
ol 6 coefficient 235
Y1 P coefficient 125
Y2 Q coefficient 125

According to (35)-(40), the digital implementation of the
proposed hybrid estimator requires five integrators compared
to the conventional dg-transformation technique, which needs
four integrators for digital implementation (two for the or-
thogonal generator and one for the PI controller and one for
the phase angle). Also, the proposed hybrid estimator requires
a fairly high number of digital multipliers (14 multipliers)
compared to the conventional dg-transformation technique
(9 multipliers). However, the number of required multipliers
can be reduced drastically by using a “Resource Sharing”
technique in digital implementation [75]-[77]. With resource
sharing, one multiplier can be used for different operations.
However, special care has to be taken in terms of timing
in order to achieve a reliable solution with simple digital
implementation.

Fig.22 shows the experimental waveforms of the AC/DC
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Fig. 29. Experimental waveforms for Low Voltage Ride Through (LVRT).

converter when the converter only draws active power from
the utility grid. This figure shows different waveforms such as
the inverter voltage, v 4 g, the grid voltage, vy, the grid current,
ig, and the LCL second inductor current, i,... Experimental
waveforms when the AC/DC converter processes both active
and reactive power are shown in Fig.23. Fig.24 illustrates
the experimental results when the AC/DC converter performs
reactive power compensation.

In this particular design, an integrated Zigbee transceiver
module is used to establish communication for the AC/DC
converter. The Zigbee module is the "ZICM357SP2” module
from California Eastern Laboratories (CEL), which can ac-
commodate diverse range and performance requirements [59].
Also, it can easily be integrated into home automation devices.

This module uses the Ember EM35x RF transceiver and an
ARM CORTEX-M3 micro-controller. It also includes a Power
Amplifier (PA) and a switch. Through this Zigbee module, the
energy storage power conditioning system communicates with
other devices in the smart grid platform.

The transient performance of the proposed control system
of the energy storage power conditioning system is shown
in Fig.25, Fig.26, Fig.27 and Fig.28. In particular, Fig.25
and Fig.26, respectively, show the transient performance of
the converter when step changes of £1200 VAR (lag) and
+1800 VAR (lag) are applied. These figures demonstrate
the lagging power factor (i.e., the grid current is lagging
the grid voltage). Fig.27 shows the transient performance of
the converter when a step change of +1200 VAR leading



reactive power is applied. Fig.28 demonstrates the transient
performance of the energy storage power conditioning system
when the power charged in the battery is released to the
grid. This figure shows the transient performance for a step
change of 1200 VAR. According to the transient performance
of the energy storage power conditioning system shown in
Fig.25, Fig.26, Fig.27 and Fig.28, it can be concluded that
the proposed active/reactive power closed-loop control system
can provide very robust and fast transient performance for the
energy storage system, leading to the reliable integration of
the energy storage system into the smart grid.

The capability of supporting the grid under fault/disturbance
conditions is illustrated in Fig.29. This figure shows the
performance of the converter when the grid voltage collapses
for some reason (e.g., transients during active/reactive load
changes). In the normal conditions, the converter should be
disconnected from the utility grid (i.e., islanding condition).
However, the proposed closed-loop control system can provide
Low Voltage Ride Trough (LVRT) capability and still support
the grid under low voltage fault. According to Fig.29 when the
grid voltage collapses, the closed-loop control system performs
reactive power compensation as well as active power control
in order to support the grid under faulty conditions.

IX. CONCLUSION

As renewable energy sources replace conventional power
generation systems, they will be required to perform more
sophisticated functions, such as active voltage regulation,
active power control, and fault ride-through. The future
HREGSs, which will combine wind and solar energy with an
energy storage unit for commercial/residential applications,
should be able to perform grid functionalities in a DG
platform. A hybrid estimator has been proposed to quickly
and accurately estimate the active power and reactive power
values for the closed-loop control system of an HREGS. This
fast estimation enables the HREGS to perform active/reactive
power control in a real-time manner. Therefore, the proposed
hybrid estimator can be an integral part of the closed-
loop control system for future HREGSs. Simulation and
experimental results validate the improved performance of
the proposed closed-loop control system.
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