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Analysis and Augmented Model-Based Control
Design of Distributed Generation Converters

With a Flexible Grid-Support Controller
Shahed Mortazavian , Student Member, IEEE, and Yasser Abdel-Rady I. Mohamed , Senior Member, IEEE

Abstract—Supporting the host grid during voltage dips has be-
come a major connection requirement for large distributed gen-
eration units. Because most of the grid faults are unsymmetrical,
the recently developed grid codes suggest the injection of a flex-
ible positive- and negative-sequence reactive current components
proportional to the magnitude of the voltage dip at the point of
common coupling. However, detailed dynamic analysis of the aug-
mented grid-connected converter with the flexible positive- and
negative-sequence current injection function and the characteriza-
tion of the impact of the grid strength, converter control param-
eters, and proportionality constants used in the reference current
generation block are not reported in the literature. To fill in this gap,
first, a multi-stage linear model of the augmented nonlinear sys-
tem dynamics is developed, and the small-signal stability analysis
is performed on the system dynamic behavior before, during, and
after the fault. The effects of different system and control param-
eters are studied and characterized. Second, a new and effective
model-based controller design method is proposed to maintain the
system stability during and after the fault with the consideration of
the mutual interaction among different system controllers. Finally,
the time-domain simulations and laboratory experiments validate
the accuracy and effectiveness of the proposed control method.

Index Terms—Distributed generation (DG), modeling, multi-
sequence, reactive current injection, small-signal stability analysis,
symmetrical components, unbalanced fault, unbalanced grid.

NOMENCLATURE

A. Superscripts
+ Positive-sequence components.
- Negative-sequence components.
∗ Variable reference value.
ss Steady-state value.
B. Subscripts
d Variable component in the d-axis.
q Variable component in the q-axis.
C. Variables and Parameters
ig Grid current.

Manuscript received March 11, 2018; revised June 28, 2018 and September
3, 2018; accepted October 3, 2018. Date of publication October 17, 2018; date
of current version May 2, 2019. This work was supported by the Natural Sci-
ences and Engineering Research Council of Canada (NSERC). Recommended
for publication by Associate Editor L. Peng. (Corresponding author: Shahed
Mortazavian.)

The authors are with the Department of Electrical and Computer Engineering,
University of Alberta, Edmonton, AB T6G 2R3, Canada (e-mail:, shahed1@
ualberta.ca; yasser2@ualberta.ca).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2018.2876799

i1 DG current.
ic Capacitor current.
Vp voltage at the PCC.
P ∗ Reference active power of DG.
Q∗ Reference reactive power of DG.
Vf Filtered feed-forwarded value of the PCC voltage.
Vg Grid voltage (at bus1).
Cf Capacitance of the ac filter.
Rf Equivalent resistance of the ac filter, coupling trans-

former, and connection cables of DG up to PCC.
Lf Equivalent inductance of the ac filter, coupling trans-

former, and connection cables of DG up to PCC.
R1 Equivalent resistance of the connection cables between

the PCC and bus2.
L1 Equivalent inductance of the connection cables

between the PCC and bus2.
R0 Equivalent resistance of the connection cables between

bus2 and bus1.
L0 Equivalent inductance of the connection cables

between bus2 and bus1.
Rg Equivalent grid resistance up to bus1.
Lg Equivalent grid inductance up to bus1.
ω0 Grid angular frequency.
K+ Positive-sequence coefficient of the FMS-RCI method.
K− Negative-sequence coefficient of the FMS-RCI

method.
Ki Integrator gain of the current controller compensator.
Kp Proportional gain of the current controller compen-

sator.
Ki,PLL Integrator gain of the PLL.
Kp,PLL Proportional gain of the PLL.
τff Time constant of the feed-forwarded LPF on the PCC

voltage.
τ1 Time constant of the LPF on V +

pd sampling before the
RCG.

τ2 Time constant of the LPF on V +
pq sampling before the

PLL.

I. INTRODUCTION

ACCORDING to the International Energy Agency, the
statistics show that the penetration level of distributed

generation (DG) units, such as wind power plants and pho-
tovoltaic farms, is rapidly growing worldwide [1]–[3]. There-
fore, system operators impose new grid codes requiring large
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DG units to remain connected and improve the voltage pro-
file during short-term grid faults. Accordingly, the capability
of low-voltage ride-through (LVRT) is nowadays an important
mandate for the converter-interfaced DG (CI-DG) units [4]–[7].
In the German standards, i.e., E.ON and VDN [8], [9], and the
recent European code, i.e., ENTSO-E [10], large wind power
plants are expected to stay connected even when there is a volt-
age sag down to zero. To maintain the stability of the power
system, DG units are also expected to inject reactive current
proportional to the voltage drop, with a deadband applied to the
voltage deviation [11].

To comply with the new grid code requirements, the CI-DG
units are designed such that the active and reactive current injec-
tion to the grid is controlled independently by a grid-connected
converter (GCC) considering the maximum current capacity of
the converter [11]–[14]. As a conventional approach, the reac-
tive current is injected as per grid code requirement, and any
remaining capacity is utilized for the active power injection.
However, in [11], it was shown that wind power plants might
lose their synchronism with the grid fundamental frequency dur-
ing severe faults. This, not only, does not support the voltage
during the LVRT, but even worsens the situation. A phase-locked
loop (PLL) frequency-based active current injection algorithm
is then introduced in [11] to solve the loss of a synchronism
problem. The impact of the bandwidth of the dc and ac volt-
age controllers on the system stability during a grid fault was
studied through the small-signal analysis in [15]. In this study,
time-domain simulations are carried out to guarantee the sta-
bility of the system in the case of large disturbances. However,
neither [11] nor [15] studied the effect of any unbalanced grid
fault on the LVRT performance of the GCCs.

The injected currents into the grid may include negative-
sequence components to impede the effects of the unbalanced
fault. The most common way to control a current vector with
positive- and negative-sequence components is to design the
current controller based on two synchronous reference frames
[13]–[20], [22], with the value of their rotating frequency equal
to the fundamental grid frequency, but in the positive and nega-
tive directions.

In addition to the nonlinear dynamics of a GCC (e.g., due
to the PLL), the presence of the reactive reference current gen-
eration (RCG) proportional to the voltage dip magnitude adds
more coupling between the converter-injected current and the
grid voltage at the point of common coupling (PCC). How-
ever, the existing literature lacks the study of the modeling and
dynamic analysis of the DG units equipped with the RCG con-
trollers based on the new LVRT standards [9], [21]. The new
LVRT standards [9], [21] require the DG units to not only stay
connected to the grid, but also inject both positive- and negative-
sequence reactive currents proportional to the unbalanced volt-
age sag characteristics under severe short-term unbalanced grid
faults. In the following, this important requirement will be re-
ferred to as required positive- and negative-sequence injection
and low-voltage ride-through (RPNSI-LVRT) requirement. The
existing study in the literature on the dynamic behavior of the
converters under unbalanced conditions [13], [20] only deals
with the four conventional RCG techniques, none of which

requires a certain amount of reactive current injection under
the unbalanced faults. These conventional RCGs are only re-
sponsible for having the basic LVRT capability (and not the
RPNSI-LVRT capability), which means the GCC is only re-
quired to stay connected under unbalanced conditions. In this
sense, the RPNSI-LVRT capability has an additional require-
ment of injecting both positive- and negative-sequence reactive
currents proportional to the unbalanced voltage sag character-
istics. Therefore, in addition to the nonlinear dynamics of a
GCC, the presence of the RPNSI-LVRT adds more coupling
and complexity to the system in dynamic, transient, and sta-
bility studies. The presence of the RPNSI-LVRT requirement
may lead to critical instability problems under different condi-
tions, e.g., severe unbalanced faults, weak grid conditions, and
conventionally tuned control parameters. This is a significant
difference between the conventional LVRT requirements [7],
[8] and the newly imposed RPNSI-LVRT requirement [9], [21]
under short-term unbalanced faults. In Section II, the flexible
multi-sequence reactive current injection (FMS-RCI) technique
[21] is presented to meet the RPNSI-LVRT requirement, which
uses two control parameters (i.e., K+ and K−) to inject the
positive- and negative-sequence reactive currents, respectively,
proportional to the amount of the positive-sequence voltage drop
and negative-sequence voltage rise.

To fill in the existing gaps in the literature and solve the
aforementioned problems, the following contributions are ac-
complished in this paper. In Section III, a multi-stage linearized
state-space model (i.e., before, during, and after the fault mod-
els) is developed for a DG unit to analyze the dynamic per-
formance and stability of the system under the RPNSI-LVRT
requirement. This method provides the possibility of studying
the imposed RCG methods before and during the unbalanced
faults with different operating points. The impact of two coef-
ficients, K+ and K−, in the FMS-RCI technique on the dy-
namic performance and the transient stability of the DG control
system is studied in Section IV. A model-based control pa-
rameter design is then proposed, in Section V, to find suitable
values for K+ and K− parameters in weak grid conditions for
stability purposes under RPNSI-LVRT requirements. The in-
teractions between different converter controllers (e.g., current
control and PLL) and the FMS-RCI controller, in the decou-
pled double synchronous reference frame (DDSRF), are stud-
ied, and their impact on the system stability is analyzed using
the small-signal stability analysis. The parameters of the current
controller are also designed based on the developed state-space
model to have the RPNSI-LVRT capability. In Section VI, the
developed models and the proposed techniques are also applied
to a more complex system with two DG units to consider the in-
teractions between DG units on the RPNSI-LVRT performance
of the entire system, while using the FMS-RCI method. Fi-
nally, the proposed analytical design methods are tested using
experimental test cases in Section VII. The results are promis-
ing and demonstrate the effectiveness of the developed mod-
els and proposed approaches in improving the stability of the
DG systems under severe unbalanced faults when the RPNSI-
LVRT is required by the grid code. Section VIII concludes
this work.
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Fig. 1. CI-DG unit.

TABLE I
SYSTEM PARAMETERS

II. CI-DG UNIT AND THE LVRT REQUIREMENTS

Fig. 1 represents a CI-DG unit, which is designed based on a
typical Northern Ontario, Canada, rural distribution system. It
consists of a 27.6-kV radial distribution system connected to a
dispatchable three-wire DG unit. The DG unit is connected to
the medium-voltage feeder via a step-up Y/Δ transformer. PCC
on bus3 stands for the point of common coupling. The system
parameters are given in Table I.

The grid frequency synchronization and active/reactive cur-
rent control procedure are performed at the low-voltage side of
the GCC. The DG current controller is designed in the DDSRF
on the dq coordinates, with the rotating frequencies in the posi-
tive and negative directions with respect to the fundamental grid
frequency; hence, it controls the positive- and negative-sequence
current components.

During normal operation, the implemented current controller
in the DDSRF receives its reference values based on the active
and reactive power demands by the upstream system or the DG
unit. Therefore, the reference currents are generated according
to the following equations:

i∗+1d =
2
3

P ∗

V +
pd

, i∗−1d = 0 (1)

i∗+1q =
−2
3

Q∗

V +
pd

, i∗−1q = 0. (2)

Based on the conventional LVRT standards on the voltage
limits [7], [8], the CI-DG system is supposed to follow the grid
code requirements, presented in Fig. 2, and remains connected
to the grid when a fault occurs. The typical reactive current
injection curve of this grid code is shown in Fig. 2(b), which
implies that in the case of a voltage sag less than 50%, the per
unit (p.u.) reactive current injection is proportional to the p.u.
value of the voltage sag with the slope of 2. Besides, based
on this grid code, when the voltage sag is more than 50%, the
whole thermal limit is devoted to the reactive current injection
(i.e., iq = 1 p.u.). Besides, according to this grid code for Type
2 generating plants, which include the system under study in

Fig. 2. German E.ON. Grid code for LVRT [8]. (a) Voltage limits. (b) Reactive
current injection.

Fig. 3. Reactive current injection based on the new grid codes [9].
(a) FPS-RCI. (b) FNS-RCIs.

this paper, it is required that “three-phase short circuits or fault-
related symmetrical voltage dips must not lead to instability
above the Limit Line 1 in Fig. 2 or to disconnection of the
generating plant from the grid” [8]. However, this standard did
not distinguish between the negative and positive components
of the reactive current injection.

The injection of negative-sequence current has been recently
presented in the German grid code, VDE-AR-N 4120 [9]. This
code was published in 2015 describing the connection of gener-
ation plants to the high-voltage network and, for the first time,
requiring the negative-sequence current injection by these units
in the case of the unbalanced faults.

As mentioned earlier, this is referred to as the RPNSI-LVRT
requirement in this paper. Under unbalanced grid faults, the
classical synchronous generators provide short-circuit current,
which consists of the positive- and negative-sequence currents.
On the other hand, DG units or transmission systems such
as high-voltage dc or flexible ac transmission systems with
a fully rated voltage-source converter (VSC) usually repress
the negative-sequence current [23]. Generally, the converter of
these units employs a decoupled current controller on positive
and negative sequences. Therefore, the current objective is to
independently control both sequence components to meet the
requirements of the new grid codes. In this paper, two different
equations are used for the injection of the symmetrical compo-
nents of the reactive current in each sequence. From now on,
this method is called the FMS-RCI, which is obtained based on
the recent German grid code [21]. As illustrated in Fig. 3(a),
the condition for the flexible positive-sequence reactive current
injection (FPS-RCI) is almost the same as the one imposed in
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Fig. 2(b), but the flexible slope of the ratio of the i∗+q injection
to the positive-sequence voltage dip is defined as K+ .

On the other hand, the flexible negative-sequence reactive
current injection (FNS-RCI) is proportional to the negative-
sequence voltage value when it is higher than 0.05% with the
flexible slope of K−. The whole criteria on both components
for the case of K+ = K− = 2.5 can be expressed as follows:

FPS − RCI :
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

eq+
1 : ΔVp

+ > 90% → i∗+q = −2
3

Q ∗
V +

p d

eq+
2 : 50% < ΔVp

+ < 90% → i∗+q = K+ΔVp
+

= K+(0.9 − Vp
+)p.u.

eq+
3 : ΔVp

+ < 50% → i∗+q = 1p.u.

(3)

FNS − RCI :
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

eq−1 : ΔVp
− < 5% → i∗−q = 0

eq−2 : 5% < ΔVp
− < 45% → i∗−q = K−ΔVp

−

= K−(0.05 − Vp
−)p.u.

eq−3 : ΔVp
− > 45% → i∗−q = −1 p.u.

(4)

For example, if the positive-sequence voltage drops below
50%, there will be 1.0 p.u. of the positive-sequence reactive
current injection. If the total magnitude of the injected reactive
current (obtained from the positive and negative sequences)
reaches the maximum thermal limit of the converter, the active
current injection will be set to zero. Otherwise, while the peak
value of the total injected current (active and reactive) does not
exceed the thermal limit, the value of the active current will
be obtained from (1). The schematic diagram of the FMS-RCI
method is shown in Fig. 4.

Any oscillation on the positive sequence of the PCC volt-

age (V +
pd ) appears in ∂ i∗+d

∂V +
p d

, which is directly presented in the

linearization of (1). Therefore, the RCG block is affected by
the variations of the PCC voltage. This will take the system
modes to the unstable region, which may result in the opera-
tion of the protection devices and LVRT failure. Therefore, to
improve the stability performance of the system, a low-pass fil-
ter (LPF) with the time constant of 3 ms is employed on the
positive sequence of the PCC voltage in the RCG block, as
shown in Fig. 4. To illustrate the effectiveness of using this fil-
ter, the time-domain simulation results are presented in Fig. 5.
In this test case, the RCG method is switched to the FMS-RCI at
t = 0.3 s. As shown in Fig. 5(a), the generated reference current
in the dq frame gets unstable after 50 ms when there is no LPF
applied on the positive-sequence voltage extraction on the PCC.
However, when the LPF is applied, the generated current is re-
mained stable and steady. This effect is also visible in Fig. 5(b),
where the three-phase signal of the PCC voltage is demonstrated
at the same test case. The importance and the effectiveness of
the application of this LPF are also studied using the eigenvalue
analysis, and the results are presented in Section IV-B.

Fig. 4. RCG diagram.

Fig. 5. Effect of using the low-pass filter in the implementation of the RCG
block on (a) the generated reference current in the d+ frame, and (b) the three
phase signal of the PCC voltage.

III. MULTI-STAGE LINEARIZED MODEL

The dynamics of the GCC are highly nonlinear. Besides,
according to (1)–(4) and because there are many feedback loops
through LPFs (in the implementation of the current controller
and the PLL), they add more non-linearity to the system. To
obtain a detailed small-signal stability analysis in this paper,
the complete CI-DG unit system in the DDSRF is linearized
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Fig. 6. Diagram of the multi-stage modeling.

in three different stages: before, during, and after the fault.
This multi-stage state-space modeling is obtained based on the
approach presented in [24].

During a fault, the converter loses its capability, partially
or completely, to inject or absorb active power, so a voltage
violation may occur. To prevent any disconnection of the DG
unit during the fault, switching the RCG method from (2) to (3)
and (4) is proposed based on the grid codes. In this paper, the
performance of an LVRT-capable CI-DG unit system is analyzed
analytically.

Obtaining the linearized models for a CI-DG unit is essential
to analyze its dynamic performance during LVRT and to set up
different controllers. A CI-DG unit will be subjected to differ-
ent operating conditions under the fault; hence, employing one
linearized model does not seem reasonable. Therefore, three
stages are adopted in this paper for accurate modeling, while
considering the LVRT requirements. The first stage represents
the CI-DG unit system dynamics before the fault occurrence.
In this stage, the model input consists of the measured grid
bus voltage (Vg ) and the value of the active and reactive power
demands (P ∗ and Q∗, respectively). Also, the employed RCG
method is based on (1) and (2). The steady-state values for the
first stage are obtained from the normal system operation.

The second stage characterizes the CI-DG unit system dy-
namics during the fault period, where the generated reference
currents are dictated by new LVRT requirements, presented in
(3) and (4). The model inputs in this stage are Vg , the active
power demand, and the reference PCC voltage value (V ∗).

The third stage represents the CI-DG unit system dynamics af-
ter fault clearance. Current system dynamics, which is changed
from its steady-state mode during the fault, tries to recapture the
pre-fault condition. In this stage, the system is mainly reacting
to its initial states instead of any external forces. This initial state
is the final state obtained from the second stage, i.e., during-fault
stage. The schematic diagram is illustrated in Fig. 6. Subscripts
0 and final stand for the initial and final states, respectively, SS
stands for the steady state, and, PrF, DF, and PoF stand for the
pre-fault, during-fault, and post-fault stages, respectively. Each

stage and the related linearized models will be discussed in the
following subsections.

In all stages, the generated reference current signals are fed
into four proportional–integral (PI) regulators implemented in
the DDSRF. This controlling section is the same in all modeling
stages; however, the method of generating the reference current
values, the initial states, and the input matrices is different.
Because the RCG is an outer loop compared to the current
controller, it should have a slower response time. Therefore, an
LPF with the time constant of τ1 is designed on V +

pd sampling
to implement (1) and (2). The relation between the actual and
the reference currents in dq frames, for both sequences, can be
approximated by

id(q) =
1

τ is + 1
i∗d(q) (5)

where τi is the time constant of the closed-loop current controller
[25]. Therefore, the value of τ1 should be chosen carefully com-
pared to τi . The effect of using the LPF on the system stability
will thoroughly be discussed in Section IV.

To obtain a detailed linearized model for the system with the
consideration of all controllers, 23 state variables are defined as
follows:

X23×1 =
[

i+gd , i
+
gq , i

−
gd , i

−
gq , i

+
1d , i

+
1q , i

−
1d , i

−
1q ,

∫

e+
d dt,

∫

e+
q dt,

∫

e−d dt,

∫

e−q dt, ω, v+
pd , v

+
pq ,

v−
pd , v

−
pq , v

+
f d , v

+
f q , v

−
f d , v

−
f q , v

+
pd,f , v+

pq ,f

]T

(6)

where
∫

e dt stands for the integral of the current signal error
and V +

p,f stands for the output signal of the LPF, which is used

on sampling the V +
pd (see Fig. 4).

The standard linearized form of the state-space equations as

Δ
•
X = AΔX + B ΔU and ΔY = C ΔX + D ΔU are used

in obtaining the multi-stage system model. According to the
number of state variables, there will be 23 differential equations
when obtaining the state-space model of the system. Therefore,
to simplify the representation of the overall model, the following
mathematical method is used in this paper to obtain the final state
and input matrices:

Δ
•
X = A2 Δ

•
X +A1 ΔX + B1 ΔU ⇒

(I − A2)Δ
•
X = A1 ΔX + B1 ΔU ⇒

Δ
•
X = (I − A2)

−1A1
︸ ︷︷ ︸

A

ΔX + (I − A2)
−1B1

︸ ︷︷ ︸
B

ΔU.
(7)

Therefore, the final state and input matrices would be A =
(I − A2)−1A1 and B = (I − A2)−1B1 , respectively.

A. Pre-Fault Stage

The first stage characterizes the CI-DG unit dynamics before
the fault occurrence. In this stage, the reference current signals
are generated based on (1) and (2) to be fed into the four PI
regulators implemented in the negative and positive sequences
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in the dq reference frames. In this stage, the model inputs include
the active and reactive power demands required by the system
operators (i.e., P ∗ and Q∗). The input matrix for the pre-fault
stage is

u =
[
v+

gd , v
+
gq , v

−
gd , v

−
gq , P

∗, Q∗
]
. (8)

In the pre-fault stage modeling, the origin is considered as
the equilibrium point, which is obtained in the normal operating
condition of the CI-DG unit system. The final linearized forms
of (1) and (2) can be easily obtained as follows:

Δi∗+d =
2
3

1
V +

pd,f ,ss
ΔP ∗ +

2
3
Pss

∗ −1
(V +

pd,f ,ss)
2 ΔV +

pd,f

Δi∗+q =
−2
3

1
V +

pd,f ,ss
ΔQ∗ +

−2
3

Q0
∗ −1
(V +

pd,f ,ss)
2 ΔV +

pd,f

Δi∗−d = 0,Δi∗−q = 0 (9)

where the subscript ss stands for the steady-state values. The de-
tailed linearized equations for the PLL and the current controller
can be found in [20]. Using (6)–(9), the state-space matrices can
be defined as presented in the Appendix.

B. During-Fault Stage

The second stage considers the CI-DG unit dynamics during
the fault period, where the RCG is dictated by the LVRT re-
quirements. In this paper, the FMS-RCI method will be used
to meet the new grid codes requirements. The related equations
are shown in (3) and (4). It can be seen that in each sequence of
the reactive current reference generation, three different equilib-
rium points are considered based on the positive-sequence volt-
age drop (in FPS-RCI) and the value of the negative-sequence
voltage (in FNS-RCI). These equilibrium points are shown in
(3) and (4) by eq+

i and eq−i , in which i can be 1, 2, or 3.
In this case, the model input contains P ∗ and V ∗

p . The input
matrix for the during-fault stage is

u =
[
v+

gd , v
+
gq , v

−
gd , v

−
gq , P

∗, V ∗
p

]
. (10)

For the studied fault in this paper, both PCC voltage sequences
are in the intervals of eq+

2 and eq−2 of (3) and (4) during the fault
(i.e., 50% < ΔVp

+ < 90% and 5% < ΔVp
− < 45%), and the

total value of the injected reactive current is below 1.0 p.u. Since
the total injected current also remained below the thermal limit,
the injection of the active current is based on (1). Therefore,
the linearized form of the injected active current would be the
same as presented in (9) for Δi∗+d and Δi∗−d . The reference
current values in the q frame are calculated based on (3) and
(4) to implement the FMS-RCI method for LVRT performance.
Therefore, the linearized equations for eq+

2 and eq−2 , which are
the most complicated equilibrium points, are presented here

Δi∗+q = K+
(

ΔV ∗ − Δ
√

v+
pd

2 + v+
pq

2
)

= K+(ΔV ∗ − m11Δv+
pd − m21Δv+

pq ) (11)

Δi∗−q = −K−
(

Δ
√

v−
pd

2 + v−
pq

2
)

= K−(−m31Δv−
pd − m41Δv−

pq ) (12)

in which

m11 =
v+

pd,ss
√

v+
pd,ss

2 + v+
pq ,ss

2
, m21 =

v+
pq ,ss

√

v+
pd,ss

2 + v+
pq ,ss

2

(13)

m31 =
v−

pd,ss
√

v+
pd,ss

2 + v+
pq ,ss

2
, m41 =

v−
pq ,ss

√

v+
pd,ss

2 + v+
pq ,ss

2
.

(14)

Based on these equations, A1 , A2 , and B1 matrices are ob-
tained to provide the final complete linear model of the during-
fault stage, using (7). For space saving, only those A1 matrix
elements of the during-fault model are shown in (15), which
are different from the A1 elements of the pre-fault stage [see
(A1)–(A5)]:

A1(10, 14) = K+(−m11), A1(10, 15) = K+(−m21),

A1(10, 22) = 0,

A1(12, 16) = K−(−m31), A1(12, 17) = K−(−m41). (15)

The A2 matrix, for the during-fault stage, is the same as the
pre-fault stage [i.e., with the nonzero elements presented in
(A6)]. Finally, for B1 , the only different element between (A7)
and the B1 matrix of the during-fault stage model is

B1(10, 6) = K+ . (16)

Using these equations, the complete linear model for the
during-fault stage is also obtained. Model initialization is made
using the steady-state values of system parameters during the
fault. Based on the grid code standards of Fig. 2, system perfor-
mance during the first 150 ms from the fault occurrence is the
primary concern in the LVRT studies [8]. Therefore, the steady-
state values for this stage are obtained from the final states of
this 150-ms period.

C. Post-Fault Stage

This stage characterizes the CI-DG unit dynamics after the
fault clearance when the system is trying to retrieve its normal
condition, which is the initial pre-fault operating point. There-
fore, (1) and (2) are again valid to represent the RCG method,
and the same linear model as the pre-fault stage [i.e., (9) and
(A1)–(A7)] can be used in this stage. However, the origin is
not the equilibrium point anymore. Instead, the corresponding
initial point can be easily extracted from the final states of the
during-fault stage.

The main focus of this paper is on the during- and post-fault
stages because these models make it possible to study the dy-
namics of the FMS-RCI method considering the LVRT require-
ments. In fact, the effect of the flexible selection of K+ ,K−, and
other controlling parameters on system stability performance
during and after a fault can be thoroughly studied in this model
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Fig. 7. State-space model validation for (a) the positive d-axis and (b) the
positive q-axis PCC voltage when the reference active power drops by 10%.

with the consideration of different grid strengths and unbalanced
fault characteristics.

D. Model Verification

To verify the effectiveness of the obtained linear model, the
time-domain response of the state-space model is compared to
the time-domain response of the detailed nonlinear model sim-
ulated in MATLAB-SIMULINK. The model validation results
show an accurate agreement between both models responses.
A sample case is shown in Fig. 7. In this case, the system is
operating in the pre-fault situation, and the DG active power
reference drops by 10% at t = 0.7 s. Fig. 7 shows a comparison
of the positive d- and q-axis PCC voltage in the linear and non-
linear models. Both figures show the accuracy of the obtained
state-space model as the two traces are nearly identical.

IV. STABILITY ANALYSIS CONSIDERING

RPNSI-LVRT REQUIREMENTS

To implement the FMS-RCI, the diagrams of Figs. 3 and 4
are used in this paper. The initial design of the PI compensators
in the current controller and the PLL is based on the gain-
shaping method presented in [25]. Besides, Sharifabadi et al.
[21] suggest selecting the typical value of 2.5 for both K+ and
K−, while the system is in eq+

2 and eq−2 , respectively. This value
determines the ratio of the reactive current injection in both
positive and negative sequences with respect to the positive-
sequence voltage dip and negative-sequence voltage value.

A. FMS-RCI Performance in LVRT

One of the missing studies in the literature is a thorough anal-
ysis of the effect of the grid strength on the stability performance
of the CI-DG unit while employing the FMS-RCI. The nature
of CI-DG system interactions with the power system and their

Fig. 8. (a) PCC voltage showing the LVRT performance of the CI-DG unit
when employing FMS-RCI. (b) PCC voltage components for the traditional
RCG and the FMS-RCI method.

associated problems are highly dependent on the strength of the
ac system. As a measure of the system strength, the short-circuit
ratio (SCR) is used in this paper. The SCR is a standard def-
inition to quantify the strength of an ac system as compared
to the rating of the connected DG unit [26]. If the ac network
impedance at the fundamental frequency is considered as Zs ,
and the rated ac voltage and power of the converter are Vrated

and Prated, respectively, then the SCR is defined as [20]

SCR =
V 2

rated
/

Zs

Prated
. (17)

To show the effectiveness of the FMS-RCI method in com-
parison to the traditional RCG method of (1) and (2), the system
performance is monitored under an unbalanced fault when the
system is connected to a strong grid with SCR = 5.5. In this test
case, the detailed nonlinear model of the CI-DG unit of Fig. 1
is implemented in MATLAB/SIMULINK, and a two-phase-to-
ground fault at t = 0.6 s occurred on bus2 and lasted for 200 ms.
The CI-DG unit with the FMS-RCI remains stable during and
after the fault, as shown in Fig. 8(a). The positive and negative
components of the PCC voltage for the traditional and FMS-RCI
methods are shown in Fig. 8(b).

B. LPF Design for the Positive-Sequence Voltage Extraction

As mentioned in Section II, to improve the stability perfor-
mance of the system, an LPF is used on the positive-sequence
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Fig. 9. Dominant poles of the system, before and after applying the LPF to
V +

pd
, when the grid is strong.

Fig. 10. Eigenvalue locus of the effect of changing the value of τ1 from 1 ×
τi to 20 × τi for connection of the DG unit to a strong grid.

extraction of the PCC voltage in the RCG block, presented in
Fig. 4. To illustrate the effectiveness of this method, the most
dominant poles of the system before and after applying the LPF
are shown in Fig. 9, where the time constant of the filter, τ1 , is
set to be three times τi [see (5)], which is 3 ms. The system is
connected to a strong grid (SCR = 5.5), and all controlling pa-
rameters are designed basically. The value of both K+ and K−

are set to 2.5. Fig. 9 illustrates that the application of this LPF
is necessary to employ the FMS-RCI method because there are
four unstable poles in the pre-fault linear model of the system
when there is no LPF applied on the positive-sequence voltage
extraction on the PCC. These eigenvalue analysis results con-
firmed the time-domain simulation results of Fig. 5, where the
system represented instability even for the pre-fault model.

Fig. 10(a) shows the eigenvalue locus when τ1 changes from
1 ×τ i to 20 ×τ i for connection of the DG unit to a strong grid
(SCR = 5.5). The linear model represents the complete CI-DG
unit with all different controllers; therefore, the eigenvalue anal-
ysis includes all interactions among system and control loops.
The results show that the design of this LPF does not affect the
most dominant oscillatory poles remarkably. But, for τ1 > 10,
it moves one of the real poles toward the origin, which is not de-
sirable. Therefore, for this CI-DG unit, selecting τ1 = 10 seems
reasonable.

V. LVRT PERFORMANCE IMPROVEMENT

IN THE WEAK GRID CONDITION

Based on [26], a strong grid is known with the SCR higher
than 3, and in a weak grid, the SCR would be lower than 3.
Even though the SCR is obtained using steady-state values, it
represents a measure of how bus voltages are affected during

Fig. 11. CI-DG system poles in connection to the strong and weak grids while
employing FMS-RCI.

Fig. 12. CI-DG unit performance employing FMS-RCI with the basic control
parameter design when the connected grid is weak.

the dynamic system events [27]. Therefore, in the next step, the
performance of the FMS-RCI strategy is studied with the con-
sideration of different grid strengths. To illustrate the importance
of this study, the same CI-DG unit is connected to a weak grid
with SCR = 1.5, and the same fault scenario of Section IV-A is
studied.

Fig. 11 presents the LVRT performance of the CI-DG unit
employing the FMS-RCI method with both K+ and K− set
on 2.5. Compared to Fig. 8(a), the system is highly unbalanced
during the fault, and it is unable to retrieve its balance even
after the fault is cleared. Therefore, a detailed study seems to
be necessary with the consideration of the grid strength on the
performance of the FMS-RCI employing DG units.

A. Re-Designing FMS-RCI Parameters Using
the Model-Based Design Method

The obtained detailed multi-stage linear model of the
CI-DG system provides the possibility of studying the dynamic
behavior of the during- and post-fault stages, separately, while
respecting the newly imposed grid codes of the LVRT require-
ments under an unbalanced fault condition. Also, because the
complete linear model of the system considers all of the sys-
tem controllers (e.g., a current controller, PLL, FMS-RCI ref-
erence current generators, feed-forward filters, etc.) in detail,
the interactions among them are effectively considered in all
small-signal stability analyses, which will be presented in the
following sections.

As the first step, the complete system poles are obtained in the
post-fault stage for the cases of connection to a strong and weak
grid. The results are shown in Fig. 12. It is observed that the
system poles in connection to a weak grid are remarkably placed
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Fig. 13. Eigenvalue locus showing the effect of changing the FMS-RCI
parameters when (a) only K+ is changing, (b) only K− is changing, and
(c) both parameters are changing simultaneously.

closer to the imaginary axis, which represents lower damping
in system performance in the case of disturbances.

To start with the model-based design method, first, the ef-
fect of changing the FMS-RCI parameters on the stability of
the CI-DG unit in connection to a weak grid is studied. Fig. 13
demonstrates that there are two dominant pole pairs connected
to each FMS-RCI parameter. For K+ , these pole pairs are la-
beled by ap and bp in Fig. 13(a), in which the eigenvalue locus
of the most dominant poles of the system is shown when only
the value of K+ is changed from 2.5 to 1, while K− is kept
unchanged on 2.5. Fig. 13(b) also illustrates the other two pole
pairs labeled by an and bn and their trajectory when only K−

is changed from 2.5 to 1, while K+ is kept unchanged on 2.5.
Finally, Fig. 13(c) demonstrates the eigenvalue locus of the most
dominant poles of the complete system model when the values
of both K+ and K− are changed simultaneously from 2.5 to 1.
This figure shows that by decreasing the FMS-RCI controlling
parameters, there are two pole pairs (already known as ap and
an) moving away from the imaginary axis toward left, while
the other pairs (bp and bn) move toward the imaginary axis.

Fig. 14. Damping factor of the pole pairs an and ap while decreasing the
values FMS-RCI parameters K+ and K− for the DF stage.

Further studies showed that by decreasing the value of K+ and
K− lower than 0.3, the bn and bp pole pairs would pass an and
ap toward the right, which is not desirable. These results reveal
that the suggested constant values for K+ and K− in [21] are
not the most accurate ones considering the stability performance
of the system during unbalanced grid condition. Especially,
when the connected grid is not strong enough, the selection
of these control coefficients should be done more carefully.

The damping factor ξ represents the rate of decay in
the amplitude of oscillations. For an oscillatory mode repre-
sented by a complex eigenvalue σ ± jω, the damping factor is
defined as

ξ =
−σ√

σ2 + ω2
. (18)

Calculating the damping factor of the mentioned pole pairs
shows that selecting the proposed FMS-RCI parameters can
considerably increase the damping factor of these dominant
modes, which results in an improved transient response of the
system. Fig. 14 shows how the damping factor of the mentioned
pole pairs an and ap are increased when the value of K+ and
K− is changed from 2.5 to 1.

As demonstrated, the value of ξ for the ap and an pole pairs
is increased to four and three times its initial value, respec-
tively. This means that the oscillations related to these poles
will be damped four and three times faster than before. On the
other hand, since lower K+ and K− means that the DG unit
is receiving lower voltage support during the fault [see (3) and
(4)], they should be kept at an optimum value, which delivers
higher damping factor but at the same time prevents the PCC
voltage from deep sag during the fault and, finally can present a
successful LVRT.

One important point about these findings is that they show
how changing the values of K+ and K− affect the transient
stability of the system, while all other system dynamics are
taken into account. Therefore, the initial design of the FMS-RCI
parameters can be modified based on this eigenvalue analysis
results to guarantee a stable performance of the CI-DG unit
in connection to a weak grid. As mentioned before, the initial
design of all controller compensators is done basically based on
satisfying a stable phase and gain margin using the Bode plot.
Besides, because the FMS-RCI parameters are effective when
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Fig. 15. CI-DG unit performance employing FMS-RCI with K+ = K− = 1
when the connected grid is weak.

the system is in eq+
2 or eq−2 , the above-presented eigenvalue

locus is obtained using the during-fault stage model. The results
for the post-fault stage are also obtained, which revealed similar
trends. However, due to the space limitation, only the results for
the during-fault model are shown in this step. Therefore, this
method suggests a higher stability margin for the case of a DG
unit connected to a weak grid.

The other remarkable point about this model-based compen-
sator design method is that, although the results are obtained
using the small-signal stability analysis, they are applicable in
the large-signal stability analysis of the same system. To verify
this statement, the obtained new values for K+ and K− (i.e.,
K+ and K− set to 1) are used in the same detailed nonlinear
model of the system when the connected grid is weak with SCR
= 1.5. The result is shown in Fig. 15. Comparing this with
Fig. 11 reveals that by decreasing the value of FMS-RCI param-
eters, the large-signal stability of the system is also improved. As
shown, the system could retrieve its stable and balanced opera-
tion after fault clearance, which yields reliable system operation.
The system is returned to the pre-fault steady state around 200
ms after the fault clearance. These results demonstrate that the
proposed model-based method can improve the overall LVRT
performance of the system when the connected grid is not strong
enough.

To study more details on the stability improvement after fault
clearance, the eigenvalues for the post-fault model are obtained
for two different operating points: first, with the initial values
of K+ = K− = 2.5, and, second, with the suggested FMS-
RCI parameters obtained in the small-signal stability analysis,
as shown in Fig. 16. There are two pairs of dominant poles,
encircled in Fig. 16, which moved toward left, representing
higher damping factor in the post-fault stage. This result verifies
what is observed in Fig. 15 from the time-domain simulation
study.

Table II shows how the damping factor of the demonstrated
poles in Fig. 16 are increased in the post-fault stage, which jus-
tifies the improved transient behavior of the system in providing
a successful LVRT with the proposed model-based design of the
FMS-RCI parameters.

These results represent a significant improvement in satisfy-
ing the LVRT requirements while employing the FMS-RCI in a
CI-DG unit connected to a weak grid. Due to the direct intercon-

Fig. 16. Dominant poles of the post-fault system model showing the effect of
improved FMS-RCI parameters.

TABLE II
DAMPING FACTOR IMPROVEMENT IN THE DOMINANT POLES

OF THE POST-FAULT MODEL

Fig. 17. Modified selection of the FMS-RCI parameters based on the grid
strength for (a) positive sequence, and (b) negative sequence of the reactive
current injection.

nection with power grids, CI-DG units are particularly sensitive
to non-ideal grid conditions, e.g., grid impedance, background
harmonics, and grid voltage sags or swells, which often occur in
weak grids. Hence, the stability and power quality of the GCC
will be significantly influenced. This could become worse as the
penetration level becomes higher increasingly, which is com-
mon in the recent power grids. However, this study showed that
reconfiguring the FMS-RCI controlling parameters provides a
higher range of certainty for the system when encounters a grid
fault to satisfy the new grid code requirements, during and after
the fault.

As mentioned in (17), the value of the SCR is inversely re-
lated to the ac network impedance at the fundamental frequency
(Zs). Therefore, since ΔV +

p ∝ i+q Zs , higher Zs which means
lower SCR should be followed by lower i+q to keep the PCC
voltage balanced on 1.0 p.u., which represents lower K+ . The
same discussion applies to the negative-sequence reactive cur-
rent injection. This fact confirms the obtained results of this
paper.

Fig. 17 illustrates the modified diagrams of Fig. 3 based on
the small-signal analysis and the time-domain simulation re-
sults obtained in this section. As presented, for connection to a
weaker grid, lower FMS-RCI parameters can satisfy the LVRT
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Fig. 18. Eigenvalue locus showing the effect of the pre-fault state on the
during-fault stability of the system by changing the DG operating power from
very small load to full load.

requirements of the grid code and, at the same time, keep the
system stable during and after the fault.

Besides, as demonstrated in Fig. 2(a), for any voltage drop
lower than 45% to zero, which may last for 150 ms, the grid code
requires the DG unit to stay connected and return to the normal
condition up to 1500 ms after the fault. All of these constraints
are considered and satisfied in the studied cases of this paper.

As an overall summary, it is demonstrated that changing the
values of K+ and K− affects the transient stability of the whole
system. The results show that in the case of a weak grid con-
dition, reducing the values of K+ and K− guarantees a stable
performance of the CI-DG unit under a grid fault. Besides,
the proposed model-based compensator design method can also
improve the large-signal stability of the system and enhance its
post-fault stability performance.

B. Effect of the Pre-Fault Stage on the LVRT
Performance of the DG Unit

In this section, the effect of the pre-fault stage on the LVRT
performance of the DG unit during the fault is studied. The pre-
fault stage of the DG unit is changed by changing its operating
power in a wide range (from small no-load to full-load), and
the effect of this starting point on the dynamic performance of
the during-fault stage in connection to the weak grid is studied.
In the previous test cases, the operating power of the DG unit
was set to the full load. Fig. 18 shows the eigenvalue locus of
system dominant poles with the consideration of all system and
controllers dynamics. The DG operating power is changed from
0.1 p.u. to 1 p.u. of the DG unit rating, while the connected grid
is weak with SCR = 1.5 and the FMS-RCI parameters are set
to 1, according to the results of Section V-A. As demonstrated,
changes in the pre-fault state have a small effect on the tran-
sient stability of the system during the fault when the proposed
augmented design method for the FMS-RCI parameters is uti-
lized. However, since by increasing the operating power of the
DG unit, its strength is accelerating in comparison to the utility
grid, by considering the definition of the SCR, this approach
can also be seen as reducing the system SCR. Hence, the illus-
trated trajectory of the affected dominant poles toward the RHP
is also justified, which represents lower stability margin for the
whole system. Therefore, according to the proposed method of

Fig. 19. Time-domain simulation results showing the effect of pre-fault state
on the LVRT performance of the DG unit in connection to the weak grid when
employing the FMS-RCI method with (a) the initial design and (b) the proposed
design.

Section V-A, in case of a failure in the LVRT when the DG unit
operating power is increased, selecting lower FMS-RCI param-
eters is suggested to guarantee a successful LVRT. It is worth
mentioning that the same eigenvalue locus trend is also observed
for the case of FMS-RCI parameters set to 2.5, in which the DG
unit is unable to retrieve to the stable operation after the fault.
The results reveal that the optimal selection of the FMS-RCI
parameters with the consideration of the grid strength is con-
siderably more effective on presenting a stable and successful
LVRT performance of the system compared to the effect of the
pre-fault state of the DG unit. However, it is inferred that in
the case of DG unit operating in lower load condition, higher
values for the FMS-RCI parameters can be selected to improve
the voltage support during the fault.

To validate the results of Fig. 18, the time-domain simulation
results of the system under different pre-fault states in con-
nection to a weak grid are obtained. The results are shown in
Fig. 19, where the superior effect of the proposed FMS-RCI
parameters selection compared to the pre-fault state of the DG
unit is demonstrated.

C. Re-Designing Other Compensators With the Initial
FMS-RCI Parameters Using the Model-Based Design Method

Although selecting lower K+ and K− values could improve
the small- and large-signal stability performance of the CI-DG
unit under an unbalanced fault condition, it represents a lower
injection of the positive and negative reactive current compo-
nents to the system during the fault. Hence, the voltage support
characteristic of the FMS-RCI strategy will not be as effective
as before.

To keep the values of K+ and K− higher but still have a
stable and balanced LVRT operation, another study is carried
out to investigate the effect of other compensators parameters
on the stability of the complete CI-DG unit system in weak grid
condition. In this study, the eigenvalue analysis is employed
again to investigate the effect of changing the proportional and
integral gains (i.e., Kp and Ki , respectively) of the PLL and
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Fig. 20. Eigenvalue locus showing the effect of changing the PLL controller
PI gains with the initial FMS-RCI parameters when (a) increasing and (b)
decreasing the PLL gains.

the current controller compensators. The initial design of these
compensators is obtained based on the methods presented in
[25]. For the PLL, the second-harmonic rejection along with
an acceptable bandwidth and damping factor is considered. For
the current controller, the PI gains are designed to provide a dc
reference tracking in the dq frame by considering the pole-zero
cancellation in the open-loop transfer function.

To employ the model-based parameter design for each com-
pensator, its PI gains are changed, and the related eigenvalue
locus is obtained. In the first step, the effect of changing the
PLL control parameters is studied, while the system is con-
nected to a weak grid (SCR = 1.5) and K+ = K− = 2.5. The
results for the during-fault model are shown in Fig. 20. It is
observed that changing the PLL compensator gains from their
initial design aggravates the stability criteria [see Fig. 20(a)]
or does not change it remarkably [see Fig. 20(b)]. Because
changing the PLL gains does not improve the small-signal
stability of the system, in the next studies, the value of the
PLL control parameters is kept on their initially designed
values.

In the next step, the PI gains of the current controller are
changed in both during- and post-fault stages of the linear mod-
els. The eigenvalue locus is shown in Fig. 21. As illustrated,
by decreasing the integrator gain of the current controller, Ki ,
to 10% of its initial value, while the proportional gain, Kp , is
kept constant, the most dominant poles in both stages move
away from the imaginary axis toward left. It represents higher
damping factor related to these modes and, so, higher relative
stability in the system. Changing Kp individually or at the same
time with Ki made some of the most dominant poles move to-

Fig. 21. Eigenvalue locus showing the effect of changing the current controller
PI gains with the initial FMS-RCI parameters in (a) post-fault stage and (b)
during-fault stage.

Fig. 22. CI-DG unit performance employing FMS-RCI with K+ = K− = 2
and current controller Ki reduced by 10% when the connected grid is weak.

ward the right; therefore, this value is kept unchanged. These
results revealed that by reducing the value of Ki in the current
controller from its initially designed value and keeping the FMS-
RCI parameters high on 2, the relative stability of the CI-DG
unit in connection to a weak grid is improved for both during-
and after-fault stages.

To verify the abovementioned results, the previous scenario
is carried out in the detailed nonlinear model of the system. The
DG unit is connected to a weak grid of SCR = 1.5, and the
same unbalanced fault occurs on bus2. K+ and K− are set to
2; the current controller Ki is reduced by 10%. Fig. 22 shows
the results of the PCC voltage LVRT performance. Compared
to Fig. 11, it reveals that the transient stability characteristic of
the system is improved, and it could retrieve to the balanced and
stable operation in less than 100 ms, while the injection of the
reactive current components is kept high during the fault. This
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Fig. 23. Two-DG system under study.

fact is also evident by comparing Figs. 15 and 22 for the phase
voltage values during the fault.

The results of this section are another verification of the ca-
pability of the proposed model-based design to be valid for
both small-signal and transient stability improvement of the
system considering LVRT requirements. The main advantage of
the proposed method of this section is that by choosing higher
FMS-RCI parameters and reducing the current controller PI pa-
rameters, the PCC voltage receives higher support during the
unbalanced fault and, at the same time, the system satisfies the
LVRT requirements and rides through the fault. It is worth men-
tioning again that, because the linearized models in all three
stages are obtained considering all controllers and filters, the
results of the eigenvalue analyses in all studies of this paper
include the interactions among all of these units. Therefore, un-
like the conventional individual controller design approach, the
proposed augmented model-based design approach accounts for
the interactions among different controllers, grid dynamics, and
parameters. Also, it could optimize the dynamic performance
of the whole GCC system.

VI. MULTI-DG SYSTEM

To study the application of the findings of the previous sec-
tions to different systems, a more complicated medium-voltage
distribution system including some local loads and two CI-DG
units, shown in Fig. 23, is employed and used for nonlinear
time-domain simulation studies. The loads are represented by
parallel RL elements. Both DG units are equipped with the
FMS-RCI method to support the LVRT requirements.

To study the performance of this multi-DG system while
employing the FMS-RCI method, two scenarios are considered
in this paper: 1) one-DG system expansion; and 2) two-DG
system planning. Each scenario is thoroughly studied in the
next subsection.

A. Scenario 1: One-DG System Expansion

In the first scenario, an existing system with one CI-DG unit
is supposed to be extended to the two-DG system of Fig. 23.
In this case, the rating of the first DG is already determined.
As a case study, the second DG is selected to be with the same
rating as the first DG, and the total connected load is 1 p.u.
As a reasonable supposition, the line impedance between two
DGs is around 20% of the grid impedance. Therefore, bus3 can
still be considered as the PCC for both DGs, and so, the initial
grid strength or the SCR of this system will be almost half of

Fig. 24. Effect of selecting improved controlling parameters in scenario #1 of
the two-DG system when connected to a weak grid. (a) With K+ = K− = 2.5
and initial compensator design. (b) With K+ = K− = 1 and initial compen-
sator design. (c) With K+ = K− = 2 and current controllers Ki parameter
reduced by 10%.

what it initially was in the one-DG unit system of Fig. 1, i.e.,
SCR � 3. By referring to the results of Section V-A, it seems
reasonable to select the initial values of K+ and K− lower than
2.5 for both DGs in this scenario. Hence, during the unbalanced
condition, each DG will support the PCC by injecting its ratio
of the positive and negative reactive current components. This
hypothesis is proved and shown in Fig. 24, where changing K+

and K− values from 2.5 [see Fig. 24(a)] to 1 [see Fig. 24(b)]
could improve the system performance during and after the
fault, whereas the other controllers parameters are kept intact.
In Fig. 24(a), the settling time after the fault clearance is almost
400 ms, and the maximum phase current during the fault is high,
which may activate the protection relays. For space saving, only
the signals of DG2 are shown in Fig. 24 because the signals of
DG1 also represent the similar characteristics.

To show the effectiveness of the proposed method of
Section V-B, in the next test, the K+ , and K− values are set
higher (to 2), but the value of the integrator gain of the current
controller of both DGs is reduced to 10% of its initial value.
The results are presented in Fig. 24(c), where the performance
improvement is clear compared to Fig. 24(a).

B. Scenario 2: Two-DG System Planning

In the second scenario, a two-DG system should be designed,
and the proper rating for both DGs can be defined. By having
the same grid with the initially known short-circuit character-
istic, an economical selection for the DG units with the same
1 p.u. load is to have each DG unit with the rating as half of
what it was in the first scenario, i.e., 2.5 MVA. Therefore, the
grid strength will initially be high with SCR = 5. In this case,
with both DGs equipped with the FMS-RCI method, the initial
selection of K+ = K− = 2.5 represents an acceptable LVRT
performance for the two-DG system. However, when the con-
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Fig. 25. Effect of selecting improved controlling parameters in scenario #2 of
the two-DG system when connected to a weak grid. (a) With K+ = K− = 2.5
and initial compensator design. (b) With K+ = K− = 2 and current controllers
Ki parameter reduced by 10%.

Fig. 26. View of the experimental test setup.

nected grid is weak with SCR = 2, both DGs will be unable to
retrieve their balanced and stable operation after being subjected
to the unbalanced fault. This event can be seen in Fig. 25(a). As
a remedy, the proposed methodology of Section V-B is applied
to the system controllers. The results of Fig. 25(b) illustrate
the effectiveness of this method in improving the large-signal
stability of the tow-DG system in connection to the weak grid.

VII. EXPERIMENTAL RESULTS

The results of the time-domain and the state-space stabil-
ity analyses are also validated using a scaled-down 1.0-kVA,
208-V (line-to-line), three-phase, 60-Hz, grid-connected VSC
laboratory prototype, as shown in Fig. 26. The scaled-down
experimental test setup is widely used in the power system stud-
ies [28]–[30]. The key components for the laboratory setup are
a dSPACE DS1104 real-time control systems, a three-leg VSC
(Semistack intelligent power modules, each includes gate drives,
six insulated gate bipolar transistors, and protection circuit),
60-Hz three phase grid, interfacing transformers, and sensor
boxes to sample voltages and currents. The converter is in-
terfaced to a control card using an interfacing circuit. The
pulsewidth modulation and the converter controllers are imple-
mented on the dSPACE control card supported with a coproces-
sor structure for switching signal generation. The grid stiffness
is changed by connecting series inductors to the ac grid so that
the SCR of the studied system can be varied.

For the strong grid condition, the SCR is considered 6.6, and
for the weak grid condition, the SCR is set to be 2.1. To study the

Fig. 27. Experimental results for Fault Scenario 1 when K+ = K− = 2.5.
(a) PCC three-phase voltage on fault occurrence. (b) PCC three-phase voltage
on fault clearance. (c) DG current (i1 ). (d) Injected reactive reference current
values. (e) PCC voltage in positive/negative dq frames.

effectiveness of the proposed methods in Sections V-A and V-B,
three fault scenarios are studied in the following subsections.

1) Fault Scenario 1: The DG unit is connected to a strong grid
with SCR = 8, and it encounters a short-term unbalanced
one-phase to ground fault.

2) Fault Scenario 2: The DG unit is connected to a weak grid
with SCR = 1, and it encounters a short-term unbalanced
one-phase to ground fault.

3) Fault Scenario 3: The DG unit is connected to a weak grid
with SCR = 1, and it encounters a short-term unbalanced
two-phase to ground fault.

4) Fault Scenario 4: The DG unit is connected to a weak
grid with SCR = 1, and it encounters a short-term un-
balanced one-phase to ground fault when it is operating
under different pre-fault status.

A. Fault Scenario 1

In this test case, the DG unit is connected to the strong grid
and the FMS-RCI is adopted with K+ = K− = 2.5. Fig. 27(a)
and (b) show the three-phase PCC voltage when the system
encounters an unbalanced one-phase-to-ground fault on the line
between the DG unit and the grid. As shown in Fig. 27(c), the
DG unit could ride through the fault and remain connected to
the grid, which represents a successful LVRT based on the grid
code requirements. The PCC voltage components are shown in
Fig. 27(e) illustrating that in this fault scenario, the injection of
the reactive current components will be obtained based on eq+

2
and eq−2 of (3) and (4). According to Fig. 27(c), the value of
the DG unit current stayed below the defined thermal limit (i.e.,
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Fig. 28. Experimental results for Fault Scenario 2 when K+ = K− = 2.5.
(a) DG current (i1 ). (b) Injected reactive reference current values. (c) PCC
voltage in positive/negative dq frames.

1.0 p.u.) during the fault, which means the injection of the active
current can be obtained based on (1) during this time.

B. Fault Scenario 2

In this test case, the CI-DG unit is connected to the weak grid
with SCR = 1, and the system encountered an unbalanced one-
phase-to-ground fault on the line between the DG unit and the
grid. The effectiveness of the proposed model-based methods of
Section V-A and B are studied in three subsections as follows.

1) FMS-RCI Gain Effect: In the first step, the FMS-RCI pa-
rameters are set on K+ = K− = 2.5. Fig. 28(a) shows that the
value of the converter current has remained below the thermal
limit (i.e., 1.0 p.u.) during the fault, which allows the injection
of the reactive current components based on eq+

2 and eq−2 of (3)
and (4) and injection of the active current based on (1). How-
ever, after the fault clearance, the converter cannot retrieve to its
previous stable operation, and the value of its current exceeds
the determined thermal limit, which causes the disconnection of
the DG unit and failure of the LVRT.

Therefore, to prevent the DG unit disconnection and based
on the results of Section V-A, the values of K+ and K− are
reduced to 0.7, and the same fault scenario of Fig. 28 is studied.
As demonstrated in Fig. 29, the system represented a successful
LVRT performance and could successfully retrieve stable oper-
ation after the unbalance fault. These results verify the findings
of Figs. 13 and 15. Considering the value of the converter cur-
rent, shown in Fig. 29(a), the determined thermal limit of the
DG unit is respected during the fault, and the DG unit remained
connected to the grid, which represents a successful LVRT.

2) PLL Gain Effect: To investigate the results of
Section V-B, first, the effect of changing the PLL gains in the
experimental test setup is studied, while setting the FMS-RCI
gains back to their original values (i.e., K+ = K− = 2.5). The
initial designed value for Kp PLL is 5 and Ki PLL is assumed

Fig. 29. Experimental results for the Fault Scenario 2 when K+ =K− = 0.7.
(a) DG current (i1 ). (b) Injected reference current values. (c) PCC voltage in
positive/negative dq frames.

Fig. 30. Experimental results for Fault Scenario 2 when K+ = K− = 2.5
and the PLL gains are increased.

Fig. 31. Experimental results for Fault Scenario 2 when K+ = K− = 2.5
and the PLL gains are decreased.

to be 5 × Kp PLL [20]. In the first test, the value of Kp PLL is
increased, and the same fault scenario is studied.

Fig. 30 shows the result for the case of Kp PLL = 80. The
next two test cases are performed when Kp PLL is reduced to
0.25 under the same fault condition. In the first case, the value
of FMS-RCI gains is set to 2.5 (see Fig. 31), and in the second
one, the value of FMS-RCI gains is reduced to 2 (see Fig. 32).
All cases demonstrate the failure of the DG unit in satisfying



6384 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 7, JULY 2019

Fig. 32. Experimental results for Fault Scenario 2 when K+ = K− = 2 and
the PLL gains are decreased.

Fig. 33. Experimental results for Fault Scenario 2 with improved current
controller gains design when K+ = K− = 1.5. (a) DG current (i1 ). (b) Injected
active current. (c) Injected reference reactive current values. (d) PCC voltage in
positive/negative dq frames.

the LVRT requirements, which verifies the eigenvalue analysis
results of Fig. 20.

3) Current Controller Gain Effect With Higher Voltage Sup-
port: To validate the findings of Section V-B, in the next test
case, the FMS-RCI parameter value is increased to 1.5 to provide
higher voltage support in the case of the weak grid condition,
compared to the test case of Section VII-B1. Besides, to pre-
vent the protection system from disconnecting the CI-DG unit
and based on the findings of Fig. 21, the value of the initially
designed current controller integrator gain, Ki , is reduced by
10%. The system experienced Fault Scenario 2, and the results
are shown in Fig. 33. The DG unit remained connected to the
grid and represented a successful LVRT operation. Compared to
Fig. 29(b), the DG unit is generating higher reactive current val-
ues during the fault, while still respecting the thermal limit [see
Fig. 33(a) and (b)], which results in an improved PCC voltage
support.

C. Fault Scenario 3

To investigate the effectiveness of the proposed methods un-
der a different voltage unbalance ratio, a two-phase-to-ground

Fig. 34. Experimental results for Fault Scenario 3 with improved current
controller gains design when K+ = K− = 1.5. (a) DG current (i1 ). (b) Injected
reference reactive current values. (c) PCC voltage in positive/negative dq frames.

fault is studied in this section. The PCC voltage components are
shown in Fig. 34(c). By comparing these results with Fig. 33(d),
a deeper voltage drop on the positive sequence and lower volt-
age unbalance with lower negative-sequence value can be ob-
served. The same control method of Section VII-B3 with the
improved current controller parameters and K+ = K− = 1.5
is used in this study. The results of Fig. 34 reveal the effective-
ness of the proposed methods in delivering a successful LVRT
performance.

D. Fault Scenario 4

To investigate the results of Section V-B on the study of
the effect of the pre-fault status of the DG unit of the LVRT
performance of the system, the pre-fault operating power of the
CI-DG unit is changed, and the unit is encountered a short-term
unbalanced one-phase-to-ground fault.

The results are shown in Fig. 35. First, the operating power
of the DG unit is reduced to half load, which, based on the
concept of SCR, can be inferred as increasing the system SCR.
In this test, the value of the FMS-RCI parameters is set to 2. As
presented in Fig. 35(a) and (b), the system could ride through
the fault and represent a successful LVRT. By comparing these
results with the results of Fig. 28, it can be seen that the system
is performing more stably and can provide the PCC voltage with
higher voltage support under the same fault condition.

In the next test, the operating power of the DG unit is reduced
to 80%, under the same fault scenario. As presented in Fig. 35(c)
and (d), the system could not demonstrate a successful LVRT,
and the DG unit is disconnected from the grid. These results
verify the eigenvalue analysis results of Section V-B.

VIII. DISCUSSION

This paper presented how the grid strength affects the initial
standard design of different control loops. This standard design
is based on the assumption that these loops can be designed
individually without the consideration of their coupling on each
other [25]. This assumption is valid in the case of connection of
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Fig. 35. Experimental results for Fault Scenario 4 with different pre-fault
states when K+ = K− = 2. (a) DG current (i1 ) when the DG unit is operating
under the half-load condition. (b) PCC voltage in positive/negative dq frames)
when the DG unit is operating under the half-load condition. (c) DG current (i1 )
when the DG unit is operating under the 80%-load condition. (d) PCC voltage in
positive/negative dq frames) when the DG unit is operating under the 80%-load
condition.

a DG unit to a strong grid (i.e., with SCR >> 3). However, when
the connected grid is not strong, the coupling among different
control loops (e.g., the current controller, voltage controller,
PLL, etc.) cannot be ignored anymore. These control loops af-
fect each other and need comprehensive analysis and design
methods. Therefore, the initial individual design of the control
loops may not be effective under different circumstances. This
fact is studied in this paper under the unbalance fault condi-
tion, where the DG unit is also supposed to provide a successful
LVRT based on the grid code requirements. Based on the com-
prehensive studies and detailed model analysis, some obtained
values are provided to show the main contributions of the pro-
posed analysis and design methods in this paper. In other words,
the provided values are some examples obtained by the detailed
analysis and design methods proposed in this paper based on
the characteristics of the studied system. The key contribution
here is to demonstrate how to modify the initial control param-
eters by the proposed comprehensive design method to obtain a
successful LVRT performance, flexible grid support capability,
and dynamic response and stability performance improvement
under weak grid and unbalanced conditions.

Therefore, according to the above discussion, this paper has
proposed the augmented control parameter design, which is
obtained based on the small-signal stability analysis of the com-
prehensive linearized model of the system, in which all system
parameters and the control loops are considered at the same time
in one model. In this way, all hidden feedbacks and couplings
among these loops are thoroughly considered in the system

performance analysis. However, the exact quantities will obvi-
ously be different based on different system specifications such
as higher or lower system SCR, different DG unit ratings, line
impedances, the location of the fault, the severity of the faults
that are required to be ridden through by a specific grid code, etc.
As it is also demonstrated in Fig. 16, this paper has been able
to propose more details and the main idea on how to modify
the initial FMS-RCI parameters mentioned in the VDE Ger-
man grid code [9], based on different grid strengths to increase
the chance of having a successful LVRT performance by the
GCC-based DG unit. The most important contribution of this
study is proposing the augmented model-based design for all
control loops, based on the small-signal stability analysis on the
detailed comprehensive linearized model of the system. There-
fore, the system designers would be able to keep the FMS-RCI
parameters at higher values (imposed by specific grid codes) by
modifying the standard control parameters of the DG unit. This
will allow DG units to comply with the strict requirements of
specific grid codes on higher voltage support capability during
the fault. Therefore, the DG unit will show much better per-
formance in vulnerable grid conditions (e.g., weak grids) under
severe grid faults (e.g., severe low voltages and unbalanced
faults) and in compliance with strict grid code requirements
(e.g., flexible multi-sequence voltage support) by just proper
modifications in its control design using the proposed methods
in this paper.

IX. CONCLUSION

A three-stage modeling approach of a CI-DG unit system
equipped with an FMS-RCI method is presented in this pa-
per. The small-signal stability analysis is performed on the sys-
tem dynamic behavior before, during, and after the unbalanced
fault and under the weak grid condition. A new and effective
model-based controller parameter design method is proposed
to maintain the system stability during and after the fault with
the consideration of the mutual interaction among different sys-
tem controllers. The proposed control system design improved
the relative stability of the system under the weak grid condi-
tion when subjected to an unbalanced fault; at the same time,
the amount of the positive and negative components of the in-
jected reactive current during the unbalanced fault follows the
grid code requirements. Then, by applying the proposed de-
sign of the controller parameters in the nonlinear time-domain
model of the system, the large-signal LVRT performance im-
provement is observed in the CI-DG in connection to a weak
grid. Finally, the laboratory experiments validated the accuracy
of the developed model and the effectiveness of the proposed
strategies.

APPENDIX

A1(2 3×2 3 ) =

[
A1a ( 1 2×1 2 ) A1b( 1 2×1 1 )

A1c( 1 1×1 2 ) A1d( 1 1×1 1 )

]

(A1)
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where
A1a ( 1 2×1 2 ) =

1 2 3 4 5 6 7 8 9 10 11 12
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A1b( 1 2×1 1 ) =
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1 i+g q
1

(L 1 +L 0 )

2 −i+g d
1

(L 1 +L 0 )

3 −i−g q
1

(L 1 +L 0 )

4 i−g d
1

(L 1 +L 0 )

5 i+1q
−1
L f

1
L f

6 −i+1d
−1
L f

1
L f

7 −i−1q
−1
L f

1
L f

8 i−1d
−1
L f

1
L f

9 ( 2
3)P0

∗( −1

v +
p d , f

2 )

10 ( −2
3 )Q0

∗( −1

v +
p d , f

2 )

11

12

(A3)

1 2 3 4 5 6 7 8 9 10 11 12

A1c( 1 1×1 2 ) =

1
2 −1

Cf

1
Cf

3 −1
Cf

1
Cf

4 −1
Cf

1
Cf

5 −1
Cf

1
Cf

6
7
8
9
10
11

(A4)

1 2 3 4 5 6 7 8 9 10 11

A1d( 1 1×1 1 ) =

1 Ki,PLL
2
3
4
5
6 1

τf f

−1
τf f

7 1
τf f

−1
τf f

8 1
τf f

−1
τf f

9 1
τf f

−1
τf f

10 1
τ1

−1
τ1

11 1
τ2

−1
τ2

.

(A5)

For A2(2 3×2 3 ) and B1(2 3×6 ) matrices, the non-zero elements
are as follows:

A2(5, 9) =
Kp

Lf
,A2(6, 10) =

Kp

Lf
,A2(7, 11) =

Kp

Lf
,

A2(8, 12) =
Kp

Lf
,A2(13, 23) = Kp,PLL (A6)

B1(1, 1) =
−1

(L1 + L0)
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,
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,
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(
2
3
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)

,
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(−2

3

)(
1

v+
pd,f ,ss

)

. (A7)

By using the above matrices, the final state and input matrices
can be obtained based on (7), in which A = (I − A2)−1A1
and B = (I − A2)−1B1 . By defining any desired output in the
system, the C and D matrices will also be obtained, and the final
transfer function of the system will be expressed as

H (s) = C(sI − A)−1B + D. (A8)
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