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Control of an Electronically-Coupled Distributed
Resource Unit Subsequent to an Islanding Event
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Abstract—This paper presents a new control strategy for
islanded (autonomous) operation of an electronically coupled
distributed generation (DG) unit and its local load. The DG unit
utilizes a voltage-sourced converter (VSC) as the coupling medium.
In a grid-connected mode, based on the conventional dq-current
control strategy, the VSC controls real- and reactive-power com-
ponents of the DG unit. Subsequent to an islanding detection
and confirmation, the dq-current controller is disabled and the
proposed controller is activated. The proposed controller utilizes
1) an internal oscillator for frequency control and 2) a voltage
feedback signal to regulate the island voltage. Despite uncertainty
of load parameters, the proposed controller guarantees robust
stability and prespecified performance criteria (e.g., fast transient
response and zero steady-state error). The performance of the
proposed controller, based on time-domain simulation studies in
the PSCAD/EMTDC software environment, is also presented.

Index Terms—Autonomous operation, control, distributed gen-
eration (DG), distributed resource, dynamic model.

1. INTRODUCTION

HE expected high depth of penetration of distributed-gen-
Teration (DG) units in the utility distribution grid [1] has
brought about concepts of “microgrid” [2] and “smart grid” [3].
Although full benefits of high depth of penetration of DG units
are gained if a microgrid or a smart grid can be operated in both
grid-connected and islanded (autonomous) modes [2], [4], the
current utility practice and the existing standards [5], [6] do not
permit such islanded operations. The main reason is the safety
concerns associated with that portion of the utility grid that re-
mains energized as a part of the island [7]. However, there are
provisions to permit islanded operation of a DG unit and its ded-
icated load, if the island does not include any portion of the
utility grid. In this context, the DG unit operates analogous to
an uninterruptible power supply (UPS) for the load.

A technical challenge to enable an electronically-coupled DG
unit and its local load to remain operational in both grid-con-
nected and islanded modes is to equip the coupling voltage-
sourced converter (VSC) with controllers that can accommo-
date both modes of operation and the transition process between
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the two modes. The conventional control strategy for an inter-
face VSC, in the grid-connected mode, is based on current-con-
trolled operation of the VSC [8]. In this approach, the grid dom-
inantly dictates frequency and voltage at the point of common
coupling (PCC) of the DG unit and the VSC controls its ex-
changed real and reactive power components with the grid based
on the dg-current components.

An augmented dg-current control strategy for multiple DG
units in an islanded microgrid, based on frequency/power and
voltage/reactive-power droop characteristics of each DG unit,
has been extensively reported [2], [4], [9]. This approach does
not directly incorporate load dynamics in the control loop. Thus,
large and/or fast load changes can result in either a poor dynamic
response or even voltage/frequency instability.

This paper presents a novel control for autonomous opera-
tion of a VSC-coupled DG unit and its local load subsequent to
islanding from the host grid. In the grid-connected mode, the in-
terface VSC is controlled based on the conventional dg-current
control strategy. Subsequent to an islanding event, the dq-cur-
rent control is disabled and the proposed controller is activated.
The proposed controller utilizes 1) an internal oscillator, similar
to a UPS, to determine its output frequency and 2) magnitude of
the PCC space vector voltage as a feedback signal to regulate the
island voltage. The proposed control strategy: 1) is structurally
simple; 2) guarantees robust stability of the islanded system;
and 3) provides desired performance characteristics (e.g., fast
transient response and zero steady-state error) for the islanded
system despite uncertainties in the load parameters.

This paper develops a dynamic model of a DG unit and its
local load, and presents a systematic approach to the design
of the proposed controller. Based on time-domain simulation
studies in the PSCAD/EMTDC software environment, perfor-
mance of the control system under various islanding scenarios
and imbalance load conditions are also investigated.

II. SYSTEM DESCRIPTION

Fig. 1 shows a schematic diagram of an electronically coupled
DG unit. The DG unit is represented by a dc voltage source, a
VSC, a series filter, and a step-up transformer. R; and L; repre-
sent both the series filter and the step-up transformer. The local
load is represented by a three-phase parallel RLC network at
the PCC. A parallel RLC is conventionally adopted as the local
load for evaluation of islanding detection methods when the load
inductance and capacitance are tuned to the system frequency
[5], [6]. Parameters of the system of Fig. 1 are summarized in
Table 1.

The DG unit and the load of Fig. 1 must remain in service in
both grid-connected and islanded modes. In the grid-connected
mode, the interface VSC is operated as a current-controlled
voltage source which is the conventional control strategy for a

0885-8977/$25.00 © 2007 IEEE
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Fig. 1. Schematic diagram of a grid-interfaced DG unit and its controller.

TABLE I
PARAMETERS OF THE DG, LOCAL LOAD, AND GRID OF FIG. 1

Quantity [ Value | Comment
Ry 1.5 mQ2
Ly 300 pH
VSC rated power 2.5 MW
VSC terminal voltage 600 V
PWM carrier frequency 1,980 Hz
R 76 Q2
L 111.9 mH
C 62.855 puF"
Q 1.8 load quality factor
fres 60 Hz resonant frequency
R 1Q
Lg 10 mH
grid SCR at PCC 19.5 Short Circuit Ratio
nominal grid frequency 60 Hz wo=377 rad/s
nominal grid line-line voltage 13.8 kV (rms)
interface transformer voltage ratio 0.6/13.8 kV Wye/Delta
interface transformer rating 2.5 MVA
DC voltage 1500 V Vicres

VSC unit [8], [10], [11]. In the grid-connected mode, voltage
magnitude and frequency of the local load, at PCC, are reg-
ulated by the grid. The VSC controls the real/reactive power
exchange with the grid based on the direct-quadrature-current
control method [8], [10], [11]. The scenario for which the
DG unit supplies real/reactive power demand of the load and
there is no real/reactive power exchange with the grid is called
“matched” power condition; otherwise, it is a “mismatched”
power condition.

The DG unit and the local load form an island and operate
as an autonomous system by opening switch CB, Fig. 1. In
an islanded mode, due to the power mismatch condition prior
to the islanding instant and/or lack of control over voltage
and frequency (when conventional current-controlled mode
is adopted), frequency and voltage of the island drift and the
island eventually becomes unstable. Therefore, to maintain
uninterruptible operation subsequent to an islanding event, the
event must be detected and a new control strategy that can reg-
ulate voltage magnitude and frequency of the island should be
activated. The following section provides mathematical model

and design of the required controls for the islanded operation.
It is assumed that the islanding event is detected by a resident
method in the VSC [12].

III. MATHEMATICAL MODEL OF ISLANDED SYSTEM

This section provides a state-space mathematical model for
the islanded system, Fig. 1. It is assumed that the DG unit and
the local load are balanced three-phase subsystems within the
island. The state-space model of the islanded system of Fig. 1
in the abc-frame is

(]7/ ,abc .
Ut,abe = Lt:i—t + tht,abc + Vabe
1 dvap
iaC:_vaC iac O o (1)
tabe = be + 2L,abc + 7t
(ML‘abc .
Vabe = LT + R”L,abc-

In (1), vt abe» 2t,abes L L,aber ANd Vgpe are 3 X 1 vectors comprising
the individual phase quantities (Fig. 1). Under balanced condi-
tions, each three-phase variable .. of (1) can be transferred
to a stationary o3 reference frame system by applying the fol-
lowing abc to o transformation:
Top = Tae'® + mbej%% + mcej% 2)
A ) .
where .3 = 2o + jxg. Therefore, a dynamic model of the
islanded system in the a3-frame is

dit@,@ - _ &[ _ Vap Vt,a
dt Ly 4of Ly Ly
dvag 1. 1 1.
- = Fltaopf — /5 ~4VaB8 — /UL« (3)
it ¢t T R T gl
diL,aﬁ 1 Rl .
———— = —VaB — — 1,08
at LT Ler
We transfer (3) to a rotating reference frame based on
g — e, 0d0 (. PO 14
Tap = Tyqe’” = (Ta + jzq)e (@)
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where 6(t fo
reference Vector et JTy

$ref
8
f = arctan ( ) . %)
ref
T

Substituting for a3 variables from (4) in (3), we deduce

¢)d( + 6, is the phase-angle of an arbitrary
ref in the af3-frame, i.e.,

d'it.d - Ry ; Ud Vi.d
g T Iwitaq = —Triede — Lt L
d”d 1. 1
t 4 jwigq = p’lt dq = RO qu GiL.dg (©)
dzr d ) Ry -
=5t Jwip g = L@dq — L.dg-
Vo4 18 selected as a reference vector such that v, = 0 and,

therefore, v, = 0. The d- and g-axis components of the state
variables are deduced from (6) as

( diga  Ri. L V4 Vid
FR 7t P
%: — Wi — ? zfq+%’
djﬁd = = e+ wisg + Lo %
divg _ wirg — =i,
dt L
dvg 1,11
at T o' T gaM

L wCvg =1 — 11q-

In an islanded mode of operation, the VSC can employ an
internal oscillator with a constant frequency wy = 27 fy to
generate the modulating signals. Thus, the islanded system fre-
quency w is controlled in an open-loop manner and the VSC
generates a set of three-phase voltages at frequency wg. More-
over, if the local load is passive, all voltage and current signals
in a steady-state condition are at frequency wg. Therefore, as-
suming w = wy, the last equation of (7) is a linear combination
of the state variables, and leads to redundancy of one state vari-
able. Substituting iz, = 7zq — woCugq in (7) yields

( ditg R, . . 1 1
7 L—titd + wotyg — I —vg + L_futd
di . . . R, Cw w
d;q Wolid flzfq — 2&)02[1(1 + (% — EO> Vg
dZ.Ld . Rl B 1
gp ot T TpriLd + 7~ wiC' ) vg
d’l]d o 1 . 1 . 1
dt — Cth CZLd Rcvd
R R\ . )
Viq = Ly |:2w01td + (Lt Ll) ttg — 2wolrgd
t
RywoC wo
\ + ( L R va -

®)

In (8), vsq and vy, are the input or control signals and vy is
the only output signal which should be regulated. It should be
noted that v, does not explicitly appear in (8), and is a func-
tion of state variables and parameters of the system. Since all
state variables are not accessible and the load parameters are

uncertain, we cannot readily calculate control signal vy,. There-
fore, vyq is assumed to be a disturbance signal and preferably
is set to zero. This assumption is reasonable since the system of
(8) represents a two-degree-of-freedom (2DOF) control system.
Therefore, to control the only output variable v4, one of the two
inputs suffices.

The state space equations of the potential island of Fig. 1 [i.e.,
(8)] in the standard state space form are

X(t) = AX(t) + bu(t)

y(t) =cX(t) ©
u(t) =vta
where
- w 0 -+
A= | wo —% —2w Rlcw” -5
B 0 wo — B 1 —w2C
1 b L0
L 0 -¢ RO
. 1
=|1— 0 0 0
| L+t

c=[0 0 0 1]

XT =lita dsg iza wval. (10)

Dynamical equations (9) describe an SISO control system in the
dg-frame. To design a controller for the potential island of Fig. 1
in s-domain, a transfer function of the system is obtained from
(9) as

N{(:
9(s) = e(sT — A) 1 = 087 an
where
2R w2L? + R2
N(s) = RL? (ﬁ + 24 %) ,
D(s) =ass* + a3s® + azs” + a1s + ao. (12)

a;,1 =0, 1,2, 3, are functions of the system parameters and are
expressed as

ay = LyRL*C
= (L:L* + R,RL?C + 2R, L, RLC)
a2 = (LyRL + RL* + R;L* + 2R R RLC
+2R, Ly + R} L RC)
a1 = (ReRL + 2RRL + Ry R} RC + Ri LR + 2R, R; L.
+Rywy RL*C + R Ly + wi Ly L? — 2wi Ly R RLC)
ap = ReRiR + W3RL? 4+ RywiL? + RIR + R: R}
+ W2 L:RL — 2L R?RC — wi L RL*C.
Transfer function g(s) has the following features:
* g(s) has two stable zeros at z; 9 = —(R;/L) £ jwy and
consequently is minimum phase;
* g(s) represents a fourth-order system which can be un-
stable for specific range of load parameters R, 1., and C,
* since R, I, and C are uncertain, transfer function g(s) has
structured uncertainty of polynomic uncertainty type [13].
Design of a robust control for this type of system is not straight-

forward [13] since the number of unstable poles of plant g(s) are
uncertain. In the following section, we design a controller for
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Fig. 2. Control strategy of the islanded system.

the nominal plant g,,(s) and based on simulation results verify
the robustness of the control system with respect to the load pa-
rameter uncertainties. The nominal plant g, (s) is obtained by
substituting rated values of the load and the system parameters
in (12) and (13) and is expressed as

(s) 3315052 4 2083005 + 4.711e9
g 5% 4+ 220.653 + 17770052 + 3.094e7s + 4.868¢9

IV. CONTROL STRATEGY

Using the classical control approaches [14], a controller based
on the transfer function of the nominal plant [i.e., g,,(s)] is de-
signed. The controller should guarantee stability of the closed-
loop system and provide prespecified desired performance char-
acteristics (e.g., time response, acceptable disturbance rejection
capability, and zero steady-state error to a step command input).

Fig. 2 shows a controller structure for the islanded mode. In
the islanded mode of operation, load voltages v, are measured
and transferred to a dq-frame. A three-phase PLL is used to
provide the reference angle for the abc/dq block and thus, the
q component of the load voltages is set to zero (i.e., v, = 0).
In such a case, the d component of the load voltages v4 should
be regulated to the desired peak value of the load voltages. To
regulate vy, it is compared with reference signal v ..y and the
resultant error signal is applied to the designed controller C(s),
Fig. 2. Controller outputs v;4 and v;, are applied to the gating
signal generator of the VSC (Fig. 1).

To obtain zero steady-state error (ess = 0) to a step refer-
ence signal, a simple pole is assigned at the origin of s-plane.
By adding another simple pole at s = —100 and adjusting the
controller gain, the desired speed of response, overshoot, and
robust stability margins are obtained. The transfer function of
designed controller C(s) is

C(s) = 4000 '
s(s + 100)

The designed controller is structurally simple and has a limited
bandwidth which results in acceptable noise and disturbance re-
jection properties. Figs. 3 and 4 show the bode diagrams and the
step response of the compensated closed-loop system, respec-
tively. Fig. 3 shows that the designed controller provides gain
and phase margins of 11.3 dB and 56.2°, respectively, and guar-
antees robust stability of the closed-loop system for the load pa-
rameter uncertainties within limits. Zero steady-state error and
fast step response of the controller and the closed-loop system
are observed in Fig. 4. The step response of the closed-loop
system demonstrates a 44 ms rise-time.
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Fig. 3. Bode diagrams for the compensated system.
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Fig. 4. Response of the controller and the closed-loop system to a step com-
mand signal.

V. PERFORMANCE EVALUATION

This section evaluates performance of the system of Fig. 1
during and subsequent to an islanding event, based on the pro-
posed VSC control. The reported case studies demonstrate that
the designed controller is 1) capable of maintaining the mag-
nitude of the PCC voltage in the islanded mode and 2) robust
with respect to perturbations in the load parameters. In the pre-
sented studies, it is assumed that the islanding event is detected
based on an existing method and upon detection the control is
changed from the conventional grid-connected control to the
proposed control of Fig. 2. A signal processing approach [15] is
used to estimate the sequence components of the PCC voltage.
The studies are performed based on digital time-domain simu-
lation in the PSCAD/EMTDC software environment.

A. Matched Power

The system of Fig. 1 initially operates in a grid-connected
mode, where real and reactive power components of the RLC
load are supplied by the DG unit. The load and the DG param-
eters are set at their rated values as given in Table I. The system
is islanded at t = 1.0 s by opening CB of Fig. 1, and the event
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Fig. 5. Dynamic response of the system of Fig. 1 to a preplanned islanding
event (a) instantaneous voltage of phase-a at PCC and its estimated magnitude,
(b) control signal, (c,d,e) real and reactive power components of the converter,
load, and the grid, and (f) phase-a current of the load.

is detected at t = 1.060 s. The control strategy is changed from
the grid-connected strategy (i.e., the conventional 4/74 control
[8]) to the proposed islanded strategy of Fig. 2 at t = 1.060 s.

Phase-a

0.2119 H
10 uF
04119 H

A4
176 Q

0.3515Q
M
0.3515Q
100 Q

Fig. 6. Single-line diagram of the local load.

Fig. 5 shows dynamic response of the system prior, during and
subsequent to the islanding event.

Fig. 5(a) shows the instantaneous voltage of phase-a at PCC
and its estimated magnitude [15]. Fig. 5(a) confirms that the pro-
posed controller maintains the load voltage after the islanding
event. Fig. 5(b) shows the control signal in response to the is-
landing event. Fig. 5(c)—(e) shows variations of real and reactive
power components of the converter, load, and the grid. Fig. 5(f)
shows phase-a current of the load and demonstrates that it does
not undergo a significant disturbance due to the transition from
the grid-connected mode to the islanded mode and the change
of controllers.

To guarantee stability and desirable performance of the is-
landed system, transition from the grid-connected mode to the
islanded mode must be carried out smoothly. This requires that
phase-angles of the internal oscillator and the dq-current con-
troller be in a synchronous condition when the proposed con-
troller is activated and the dq-current controller is disabled. This
can be achieved by using the instantaneous control signals of the
dqg-current controller, at the control transfer instant, as the initial
conditions for the proposed controller. Lack of smooth transi-
tion can result in long period of transients or even instability of
the island.

B. Mismatched Power

The system of Fig. 1 initially operates in a grid-connected
mode. The grid absorbs 1.43 MW (0.572 p.u.) real power from
the converter and 710 kVAR (0.284 p.u.) reactive power from
the load. The DG unit delivers real power to the system at unity
power factor and the load parameters are given in Fig. 6, (S, is
open). An accidental islanding event occurs at t = 1.2 s and is
detected at t = 1.208 s. The islanding detection time is shorter
than the previous case study since power components of the DG
unit and the RLC load are not matched prior to the islanding
instant and therefore the voltage magnitude at PCC and/or the
islanded system frequency rapidly deviate from their acceptable
limits.

Dynamic response of the system of Fig. 1 to the islanding
event is shown in Fig. 7. Instantaneous voltage of phase-a and
its estimated magnitude at the PCC are shown in Fig. 7(a). It is
observed that after three cycles of transients, the load voltage
is regulated at the desired reference value of 1.0 p.u. by the
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Fig. 7. Dynamic response of the system of Fig. 1 to an accidental islanding
event (a) instantaneous voltage of phase-a at PCC and its estimated magnitude,
(b) control signal, (c,d,e) real and reactive power components of the converter,
load, and the grid, and (f) phase-a current of the load.

control system of Fig. 2. The voltage transients are as a re-
sult of power mismatch condition prior to the islanding event.
Fig. 7(b) shows the control signal in response to the islanding
event. Fig. 7(c)—(e) shows variations of real and reactive power
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Fig. 8. Performance of the islanded system to a change in load parameters.
(a) Instantaneous voltage of phase-a at PCC and its estimated magnitude. (b)
Control signal. (c) Real and reactive power components of the load. (d) Phase-a
current of the load.

components of the converter, load, and the grid, respectively.
Fig. 7(f) shows load current of phase-a prior, during and sub-
sequent to the islanding event, and demonstrates that the pro-
posed controller can readily adjust the current to its preislanding
steady-state condition within 2.5 cycles.

C. Change of Load Parameters

This study case verifies robust stability and performance of
the islanded mode control with respect to the load parameter
uncertainties. While the system is operating in an islanded mode
and under balanced conditions, the load parameters in the three
phases are equally changed such that the resultant load is still
balanced. The load change is imposed by closing switch S, of
Fig. 6 att = 1.6 s.

Fig. 8 shows the simulated system response to the load
change. Fig. 8(a) shows the instantaneous voltage of phase-a
and its estimated magnitude at the PCC. Fig. 8 shows that the
designed controller is robust with respect to the load parameter
uncertainties, and within three cycles retains magnitude of the
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Fig. 10. Three-phase unbalanced load.

load voltage at its desired value. Fig. 8(b) shows the control
signal in response to the load change. The load power com-
ponents and phase-a current are shown in Fig. 8(c) and (d),
respectively.
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D. Voltage Tracking

This case study demonstrates performance of the designed
controller under an islanded condition in terms of reference
signal tracking. While the system is operating in the islanded
mode, the voltage reference signal is stepped down from 1 to
0.82 p.u. at t = 2.5 s. The load parameters are set at their rated
values as given in Table I. Fig. 9 shows the system response to
the reference change. Fig. 9(a) shows the instantaneous voltage
of phase-a and its estimated magnitude at the PCC. Fig. 9(a)
demonstrates that the load voltage is regulated at the new ref-
erence value of 0.82 p.u. by the designed control system within
four cycles. Fig. 9(b) shows the control signal in response to the
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step voltage change. Power components and phase-a current of
the load are shown in Fig. 9(c) and (d), respectively. The pre-
sented time responses verify that the proposed control system
of the islanded mode is capable of tracking the reference signal
with zero steady-state error.

E. Load Unbalance

In this case study, while the system is initially operating in
an islanded mode as a balanced system, the load parameters
are changed such that the islanded system becomes unbalanced.
Fig. 10 shows the unbalanced load diagram, where the rated
load is the parallel RLC network used in Section V-A. Switches
Sa, Sy, and S, are initially open and simultaneously close at
t = 1.5 s and the load becomes resistively unbalanced. This
switching event results in B, = %95R, and R, = %89R,.
Magnitudes of sequence components of the load voltage are es-
timated based on the method described in [15].

Dynamic response of the islanded system to the unbalanced
condition is depicted in Fig. 11. Fig. 11(a) and (b) shows
instantaneous load voltages and the control signal, respectively.
Fig. 11(a) indicates that the designed controller maintains the
load voltage at the desired reference value of 1.0 p.u. within
three cycles after the switching event. Fig. 11(c) and (d) shows
the estimated magnitudes of positive- and negative-sequence
components of the PCC voltages. Fig. 11(d) shows that the
load voltages exhibit a negative-sequence component of 2.25%
which is acceptable in terms of power quality requirements
[16]. The reason the load voltages become unbalanced is that
the DG unit generates a set of balanced three-phase voltages
and cannot compensate the unbalanced condition introduced by
the load. The control signal v;4 is also polluted by a small-am-
plitude, 120 Hz ripple component. The ripple component in
the control signal is the result of the load voltage imbalance
which appears in the dgq-frame as a double-frequency 120 Hz
component. The instantaneous three-phase currents of the load
are depicted in Fig. 11(e). This case study verifies that the
proposed controller is capable of partially compensating the
unbalanced condition, however, it cannot necessarily cope with
large unbalanced load conditions.

VI. CONCLUSION

A dynamic model and a control strategy for autonomous op-
eration of an electronically coupled DG unit and its local load,
subsequent to islanding from the utility power grid, are pre-
sented in this paper. The dynamic model is based on a state-
space representation of the DG unit and the load in a dg-frame,
and the classical control approach is adopted to design a ro-
bust controller for the interface converter of the DG unit. In
the grid-connected mode, based on the conventional dq-current
control strategy, the interface converter controls real- and re-
active-power components of the DG unit. Subsequent to an is-
landing event, the dg-current controller is disabled and the pro-
posed controller is activated.

The proposed controller uses an internal oscillator to control
the frequency, and a voltage feedback signal to regulate the is-
land voltage. The proposed controller guarantees robust stability
and desired performance (e.g., fast transient response and zero
steady-state error) despite uncertainties in the load parameters.
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Performance of the proposed controller under: 1) accidental
and planned islanding events; 2) uncertainties in the load pa-
rameters; 3) step changes in the control command; and 4) un-
balanced load conditions are reported. The studies are carried
out based on time-domain simulations in the PSCAD/EMTDC
software environment. The simulation results verify effective-
ness of the proposed controller in terms of maintaining voltage,
frequency and stability of the islanded system during and sub-
sequent to islanding events.
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