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ABSTRACT Power grid pattern is expected to evolve from generator-based power systems towards
converter-based systems in the forthcoming decades. Therefore, grid-forming converters will be pertinent
to interconnected power grids in pursuance of enhancement their resilience against disturbances. This paper
introduces a new efficient damping control method for grid-forming converters that provides a smooth power
modulation and an efficient damping response against frequency and voltage deviations. First, an averaged
state-space representation for a grid forming application in dq synchronization frame is derived. Based on
this model, a new hybrid damping controller, including the concept of state feedback control and PI control,
is proposed to address the main issues in existing controllers. The state feedback controller is optimally
designed using a linear-quadratic regulator (LQR) approach to optimize the system performance. Moreover,
the PI controller is optimally designed using the pattern search algorithm. The proposed damping control
method integrates optimally between the control loops through a mapping matrix to rapidly synchronize
with the grid and efficiently damp the oscillations. Simulations are carried out to prove the proposed method
robustness. Finally, a comparative study using controller hardware-in-the-loop (CHiL) is employed against
conventional system to validate the proposed damping method.

INDEX TERMS Grid-forming converters, inverter dominated grid, weak grid, virtual inertia, damping
emulation, distributed generation, LQR design, pattern search.

I. INTRODUCTION
Synchronous machine (SM) is one of the most prominent
equipment in the conventional power grid, due to its signif-
icant contributions for preserving the grid stability against
load disturbances [1]. Moreover, it provides valuable char-
acteristics, which can be summed up as follows [2]: (i) The
synchronizing torque, which is produced when the rotor
speed deviates from the synchronous speed in an endeavor
to bring it back to the synchronization. It is provided by the
excitation system, rotating mass inertia and/or other internal
control loops. (ii) The damping torque, which is provided
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by the damper windings and plays an important role during
disturbances. Insufficient both synchronizing and damping
torques will lead to non-oscillatory and oscillatory instabil-
ities, respectively.

The tendency to transmute from generator-based power
systems towards power electronics converter-based systems
(due to large renewable energy integration) has substantial
consequences on power system stability due to the shortcom-
ings of the total system inertia and damping energy [1]–[3].
Therefore, recent research activities have attempted to con-
trol the grid-tied converters in a manner that emulates the
behavior of SMs by adapting them to serve as grid-forming
converters (GFC) instead of grid-following converters. To this
end, different promising techniques have been proposed, such
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as droop-based grid-forming control methods [4], [5], virtual
synchronousmachine (VSM) [6]–[8], synchronverter [9], vir-
tual oscillator control [10], voltage-controlled inverter [11],
matching control [12]–[15], power synchronization con-
trol [16], and direct power control [17].

The inner control structure for the GFCs is usually imple-
mented using conventional PI controllers thanks to their
simplicity. However, there are many other control structures
that have been alternatively proposed for grid-connected con-
verters, for instance, fuzzy logic control [18], Sliding-Mode
and Mixed H2/H∞ Control [19], and neural network-based
control [20]. These control techniques aim to design a robust
controller to achieve a better performance in terms of settling
time. However, these techniques are complex and require very
high computations [21].

Damping effect can be inherently included in the control of
grid-forming converters via various forms. In early stages of
GFC [22], damping effect has been addressed by employing
a seventh order SM model. However, this strategy is very
complex and provides inadequate damping responses under
certain disturbances. Then, it has been investigated widely
two main approaches, namely: VSM based damping meth-
ods and matching control based damping method. For VSM
based damping methods, the GFC can operate as a controlled
voltage source through two main loops (P-f control loop) and
(Q-V control loop), where the damping effect can be included
into any of such loops. Therefore, the first category of damp-
ing methods, which is more dominant, utilizes the damping
into (P-f loop) with numerous ways. For instance, the method
given in [11] has applied the difference between the vir-
tual speed (frequency) and the nominal speed. However, this
method influences the steady state performance including
inertia response and governor functions. Another method has
been introduced in [23], which depends on the difference
between the virtual speed and the measured one from the
phase lock loop (PLL). This method does not influence the
inertia response, nevertheless, PLL cannot properly oper-
ate in weak grids, which might cause instability problems.
Another method presented in [24], [25] has applied the virtual
speed derivative or the active power with suitable filters
for damping purposes. However, this method needs a tricky
filter design to achieve strong damping without affecting the
inertia response and steady state operating conditions. The
method given in [26], has employed the concept of a forward
power (or angle feedforward). This method promotes self-
synchronization; however, it provides inadequate damping
response under some operational cases. Finally, the method
introduced in [27] has achieved the required damping through
a high pass filter; however, the filter design is complex
and based on a compromise between the damping response
and system stability phase margin. For the second category
of damping methods, Q-V control loop has been used to
include the damping effect. The idea was inspired by the
power system stabilizer. The power system stabilizer uses
an additional control signal to the excitation system control
loop to address the negative impact of decreasing the damping

torque in SM while improving the synchronizing torque. For
instance, the method in [28] has used a damping correction
loop in synchronverter control to adjust its dynamic response,
however, it includes a complex seventh order SM model. The
method presented in [29] has applied the filtered virtual speed
to the Q-V control loop, however, a second-order filter must
be finely designed.

In some application where the real power loop is not fully
accessible by the controller. Therefore, the inertia and damp-
ing are provided based on the dynamics of theDC-link and the
P-f control loop is replaced by a DC-link voltage control loop.
These controllers are widely known as matching control in
literature. For instance, the method in [14], which has utilized
the damping into the DC-link voltage control loop, however it
includes a PLL which provides an improper damping action
during the weak grid conditions.

From the discussion above, it is a quite clear from liter-
ature that the two main shortcomings in previous damping
control methods are no damping technique has been designed
specifically for weak grid conditions and no universal damp-
ing control method could include all advantages from previ-
ous methods simultaneously without compromising on level
of control complexity, inertia response, and implementation
simplicity.

This paper proposes a simple GFC controller that opti-
mally combine three damping concepts, namely, the damping
through Q-V control loop as in power system stabilizer (PSS)
and power oscillation damping (POD) in Static Synchronous
Series Compensator (SSSC), the damping through P-f control
loop as in certain types of VSMs, and the damping through
the DC-link dynamics as illustrated in the matching control
method. Therefore, it significantly improves the transient
responses through a sufficient damping against a wide range
of disturbances without deteriorating the inertia as well as the
steady state response. Moreover, the proposed GFC model
deals efficiently with the weak grid conditions, as it does
not rely on the PLL. In addition, it considers the interference
between P-f and Q-V loops, which depends on the R/X ratio.

The key contributions are summarized as follows:
• Proposing a new hybrid damping controller, including
three damping concepts to address the main limitations
in existing controllers.

• Designing an optimal state-feedback controller using a
linear quadratic regulator (LQR) approach to compro-
mise between the control efforts and the speed of system
responses for GFC applications.

• Developing a new mapping matrix using pattern search
optimization algorithm, which provides the optimum
cross coupling between the control loops.

This paper is organized as follows. In Section II, the pre-
vious damping strategies, which related to the proposed
damping technique, are reviewed. The state-space model is
derived in Section III. Section IV describes the proposed
control scheme. Section V covers the optimal design of
control parameters using LQR and pattern search algorithm
for developing the mapping matrix. The robustness analysis
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of the proposed controller against uncertain parameters
is discussed. The results are presented in Section VI using
the Control Hardware in the Loop via the OPAL-RT real time
simulator.

II. CONVENTIONAL DAMPING METHODS
This section reviews the prevailing damping techniques,
which are related strongly to the proposed control scheme.
As previously discussed, the damping strategy can be inte-
grated within any of the two control loops (P-f and Q-V),
as VSM-based method, or through controlling the DC-link
dynamics as in matching control-based method. These two
approaches are briefly reviewed since they provide the basic
principle of the proposed control.

A. VSM BASED DAMPING APPROACH
The recent control strategy for VSM [8], which depends on
the modified version of the swing equation (1), can inte-
grate the damping through three different methods, as shown
in Fig. 1.

J
dωm
dt
+

1
ωn
Pdamp =

1
ωn

(
Pref − Po

)
(1)

where, J is the inertia constant, ωm is the estimated
speed, ωn is the nominal speed, ωg is the grid speed,
Pdamp,Pref ,Po are the damping power, reference power, and
converter output power, respectively. D represents the damp-
ing coefficient.

The damper can be represented as an active power compo-
nent (Pdamp), which is proportional to the difference between
the ωm and ωn, or between the ωm and ωg, or the derivative
of ωm, as shown in Fig. 1(a). These techniques generally
deteriorate the inertia response. Furthermore, employing PLL
as a frequency measurement unit causes instability problems
in case of weak grids. Therefore, the common tendency
to mitigate this problem is to add a damping speed term
(ωdamp), as in Fig. 1(b). However, it is not effective in VSMs,
where the inertia is emulated by the DC-link capacitor [8].
Moreover, it is more effective to use the voltage magnitude
vdamp to provide damping as in power system stabilizer.
However, the main challenge will be the adjustment of the
transfer function(Gdamp(S)) to achieve the required damping,
as in Fig. 1(c).

B. MATCHING CONTROL BASED DAMPING APPROACH
The fundamental concept behind the matching control is the
duality between the DC-link voltage and angular velocity
dynamics [30], as shown in Fig. 2, and described by (2).

idc − iinv = Cdc
dvcap

dt
(2)

Equation (2) can be further written as (3) by multiplying
with vcap.

pdc − pinv =
Cdc
2
d (vcap)2

dt
(3)

where, idc, pdc are the input DC-link current and DC power,
respectively, iinv, pinv are the input inverter current and power,
respectively.

FIGURE 1. Damping schemes for VSM: (a) Active power damping,
(b) Angular speed damping, and (c) Voltage damping.

FIGURE 2. Inertia emulation by matching control.

Moreover, the DC-link voltage controller can be used
to control the dc-link voltage in order to track a specific
reference and also works as a grid synchronization unit as
discussed in [14] and described by (4).

ω∗ = ωg +
s+ Kt
Kjs+ Kd

[(
vcap

)2
− v2ref

]
(4)

where, Kd ,Kj and Kt are the damping coefficient, iner-
tia emulation coefficient, and voltage tracking coefficient,
respectively.

Equation (3) can be reformulated as (5) by substituting
in (4), which indicates that the inertia and damping emu-
lation can be achieved by tracking the voltage over the
DC-capacitor.

− (pdc − pinv)+
KdCdc

2

(
ωm − ωg

)
︸ ︷︷ ︸

damping term

+
KjCdc
2

sωm

︸ ︷︷ ︸
Grid synchronization component

=
KtCdc
2

[
v2ref −

(
vcap

)2]︸ ︷︷ ︸
DC−voltage tracking component

(5)
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General control block diagram for the conventional GFC is
shown in Fig. 3, which summarizes the major control loops
for the two previous control approaches. It can be seen clearly
that the damping can be included in any of the three loops P-f
control, Q-V control, and DC-link control. The majority of
the grid-forming converter controllers in literature depends
only on one of such loops to generate the damping effect.
Therefore, the proposed control method introduces the damp-
ing effect and the emulated inertia based on an information
from the three predefined control loops, besides, it uses the
DC-link voltage loop to regulate the DC-link voltage.

FIGURE 3. Conventional control loop schemes.

III. STATE-SPACE MODELLING OF GRID-TIED
CONVERTERS
This section discusses the proposed system structure and
derives the state-space averaged model employed in this
study.

A. SYSTEM STRUCTURE
The overall system structure for a two-stage grid-connected
converter is shown in Fig. 4. It comprises a DC-DC converter,
which regulates the DC-link voltage, followed by a grid
connected inverter operating as a grid-forming converter with
an LCL output filter interfacing. The converter is modulated
by a space vector pulse width modulation (SVPWM). In the
grid-following mode, the DC-DC converter extracts the max-
imum power from the renewable source. The inverter just
tracks the grid voltage, while operating as a current source to
inject the extracted power into the grid. In contrast, the roles
are swapped with the grid in grid-forming mode, where the
inverter operates as a variable voltage source with inter-
nally generated reference frequency (not measured). Under
this latter mode, the inverter adjusts its power output auto-
matically based on grid conditions, then the DC-DC con-
verter tracks this required power to regulate the DC-link
voltage.

FIGURE 4. The overall system structure for the two-stage grid-connected
system.

B. STATE-SPACE MODELLING
The state-space averaged model of the grid-connected con-
verter is obtained through three steps. First, the SVPWM
converter has six sectors with six active switching states and
two zero states. Each switching state corresponds to a certain
linear circuit and has its own state-space matrix (A), which
ends up to 8 state-space matrices (A0 − A7) corresponding to
all possible circuits with different switching states, as shown
in Fig. 5. Consequently, the averaged state-space matrices
(ĀI − ĀVI ) can be obtained by averaging the corresponded
three state-space matrices over one switching cycle, Ts.

For instance, the average state-space matrix in sector
one (ĀI ) over Ts can be expressed as in (6).

ĀI = d0A0 + d1A1 + d2A2 (6)

where, d0, d1, and d2 are given by (7) and represent the
duty cycles of the three state-space matrices A0,A1 and A2,
respectively, given in the appendix, m is the modulation
index for SVPWM, and θ is the angle of the voltage for the
LCL capacitor.

d1 = msin(π/3− θ )

d2 = msin(θ )

d0 + d1 + d2 = 1 (7)

The averaged state-space representation in the rotating abc
frame for sector 1 can be described in (8), as shown at the
bottom of the next page, where vcap is the DC-link voltage,
ia and ib are the input phase currents of the LCL filter,
vcab and vcbc are the line voltage across the capacitor of the
LCLfilter, ioa and i

o
b are the output phase current from the LCL

filter, vdc is the DC-DC converter output voltage and vgab, v
g
bc

are the line voltages for the grid. Moreover, the state space
parameters are defined in TABLE 1.

The averaged state space representation of any sector in the
dq frame can describe the operation of the GFC.

Therefore, studying the first sector in the dq frame is
sufficient for describing the operation of the GFC in all other
sectors. The state space representation in the dq frame is
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ib
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ioa
iob



′
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−1

CdcRs
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′

=
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−1

CdcRs

−
√
3Mcos(8)
2Cdc

−
√
3Msin(8)
2Cdc
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√
3Mcos(8)
3L1

−
(
3R1 + Rf

)
3L1

−ω
−1
2L1

√
3

6L1

Rf
3L1

0

√
3Msin(8)
3L1

ω
−
(
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)
3L1

−
√
3

6L1

−1
2L1

0
Rf
3L1

0
1

2Cf

√
3

6Cf
0 −ω

−1
2Cf

−
√
3

6Cf

0
−
√
3

6Cf

1
2Cf

ω 0

√
3

6Cf

−1
2Cf

0
Rf

3
(
L2 + Lg

) 0
1

2
(
L2 + Lg

) −
√
3

6
(
L2 + Lg

) − (3 (R2+Rg)+ Rf )
3
(
L2 + Lg

) −ω

0 0
Rf

3
(
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) √
3

6
(
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) 1

2
(
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) ω
−
(
3
(
R2+Rg

)
+ Rf

)
3
(
L2 + Lg
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vcap

iiq
iid
vcq
vcd
ioq
iod︸︷︷︸
x̄



+



1
CdcRs

0 0

0 0 0
0 0 0

0
−1

2
(
L2 + Lg

) √
3

6
(
L2 + Lg

)
0

−
√
3

6
(
L2 + Lg

) −1
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(
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vdc
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vgbc

 (9)
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FIGURE 5. State-space representation. (a) State-space matrices for the
SVPWM grid-connected converter modelling, (b) SVPWM Geometrical
representation for duty cycles.

TABLE 1. System parameters.

given by (9), as shown at the bottom of the previous page, by
applying the transformation in (10) and its derivative in (11).[

fa
fb

]
=

[
cos(θf ) sin(θf )

cos(θf −
2π
3
) sin(θf −

2π
3
)

][
fq
fd

]
(10)

[
fa
fb

]′
=

 −θ ′f sin(θf ) θ ′f cos(θf )

−θ ′f sin(θf −
2π
3
) θ ′f cos(θf −

2π
3
)

[ fq
fd

]

+

[
cos(θf ) sin(θf )

cos(θf −
2π
3
) sin(θf −

2π
3
)

][
fq
fd

]′
(11)

where iq and id are the input dq current components of the
LCL filter, vcq and v

c
d are the line voltage components across

the capacitor of the LCL filter, ioq and i
o
d are the output current

components from the LCL filter, θf is the angle between
q-axis and a-axis, ϕ is the voltage phase difference between
the grid and the GFC, which is used to control the injected
active power into the grid.

Furthermore, a small perturbation (12) around the per-
calculated steady-state points is introduced to generate the
corresponding small-signal model and present more control-
lable inputs.

x̄ = X̄ + δ̄x

ū = Ū + δ̄u

m = M + δm

ϕ = 8+ δϕ (12)

where, x̄ = [vcap, iiq, i
i
d , v

c
q, v

c
d , i

o
q, i

o
d ] is the system state

vector, ū is the system input vector, and X̄ , Ū ,M , and 8
are the steady state operating points. The final state-space
small-averaged model in the dq frame is given in (13), as
shown at the bottom of the next page, where the system
has 7 states and 5 inputs. The input vector (δu) includes
3 controllable inputs (δuc) and 2 uncontrollable inputs that
are considered as disturbances (δd). The controllable ones
are the DC-DC converter output voltage (vdc) and the power
converter output voltage (vcdq). These inputs are controlled by
the DC-DC converter and GFC, as shown in Fig. 6, where
vdc is controlled by the DC-DC converter (δvdc) as shown in
Fig. 5(a) and the output inverter voltage is controlled by δm
and δϕ through SVPWM block as shown in Fig. 5(b).

FIGURE 6. Control block diagrams for the DC-DC and grid forming
converters. (a) Duty cycle calculations for DC-DC converter, (b) pulses
generation for three phase GFC.

On the other hand, the uncontrollable inputs represent the
dq components of the grid voltages (δvgdq).

IV. PROPOSED CONTROL METHOD
In this section, the proposedmodifications to the conventional
control methods are discussed. As shown in Fig. 7, the pro-
posed control method comprises 4 PI control loops, which
are:
1. DC-voltage tracking loop, which is primarily connected to
δvdc and regulates the voltage across the DC-link through
the DC-DC converter.
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2. P-f control loop, which regulates the output power and
mainly connected to δϕ for controlling the output voltage
angle and deducing the synchronization angle of Park’s
transformation.

3. The other two loops are the voltage control loops repre-
sented in the dq frame. Previously, the square root of these
two loops is mainly used for controlling the converter
modulation index, δm. However, these two signals will be
used separately from each other in the proposed control
method to add more resilience for the design process.

The Mapping Matrix (MM) shown in Fig. 7 consists of
weighting factors, which are optimally designed along with
the PI controllers’ gains using a pattern search algorithm to
map the PI controller outputs to generate the system input
vector. The MM design will be discussed in the follow-
ing section. The MM block is added to optimally attain
the required coupling between the separate control loops to
achieve the best system performance. For instance, in very
weak grids, the frequency control is not fully handled by
controlling the active power and the reactive power is not
fully linked to the voltage magnitude. This cross-coupling
problem between the (P-f) and (Q-V) control loops, will

FIGURE 7. The proposed control method.

spontaneously be addressed by employing the proposed
MM block. Moreover, it can handle the role of the power
system stabilizer by providing the damping effect from the
(P-f) and (Q-V) loops. As previously mentioned, the DC-link
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δu︷ ︸︸ ︷
δvdc 0

0 δvgq
0 +δvgd
δm 0

δϕ︸︷︷︸
δuc

0︸︷︷︸
δD


(13)

87490 VOLUME 9, 2021



M. Ahmed et al.: Improved Damping Control Method for Grid-Forming Converters

voltage tracking loop can be used for regulating the voltage
across the DC-link capacitor or deducing the angle for the
converter voltage as in matching control technique and (4).
These two functions can be addressed simultaneously and
optimally by the MM block. It is worth mentioning that the
implementation of two voltage control loops instead of Q-V
loop adds more controlled weighting factors in the MM,
which enhances the controller degrees of freedom. To sum
up, the MM block adds optimum coupling terms between the
control loops and maps the effect of each PI output not only
to its primary control signal objective but also to other control
signals (δvdc, δm, δϕ).
In conjunction with this, a full state-feedback controller

(gain matrix) will also be designed based on linear quadratic
regulator (LQR). This technique helps to optimize the
response of the system states, namely, the converter output
voltage, converter output power, and DC-link voltage. The
design process will be discussed in the following section.

V. MAPPING AND GAIN MATRICES DESIGN
This section explains how the mapping and state-feedback
gain matrices are optimally designed to enhance the system
performance. Moreover, it discusses the robustness of the
proposed controller.

A. FULL STATE-FEEDBACK GAIN MATRIX
The basic idea behind the state-feedback gain controller is
to shift all the closed-loop poles (eigenvalues) to certain
desired locations. The design of the gainmatrix (GM) is based
on LQR, which defines the optimal poles location based on an
optimized cost function and rather than a certain user-defined
location. The LQR technique searches for the state feedback
law (uc = −kx) that minimizes the quadratic cost function
in (14).

J (uc) =
∫
∞

0

(
xTQx + uTc Zuc

)
dt (14)

where, Q and Z are the diagonal matrices representing the
states deviation and inputs utilization [31] matrices, respec-
tively, and are given in (15).

Q =



wvcap 0 0 0 0 0 0
0 wiiq 0 0 0 0 0
0 0 wiid 0 0 0 0
0 0 0 wvfq 0 0 0

0 0 0 0 wvfd
0 0

0 0 0 0 0 wioq 0
0 0 0 0 0 0 wiod



Z =


wδvdc 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 wδm 0
0 0 0 0 wδϕ

 (15)

As previously mentioned, GFC operates as a controlled
voltage source. So, the concerned states for these converters,

which largely affect the system response, such as
vcap, vcq and vcd , will be penalized by increasing the cor-
responding weighting factors in the Q matrix. Therefore,
wvcap ,wvfq and wvfd

assumed to be 1 and the weighting factors
related to the current states such as wiiq ,wiid ,wi

o
q
and wiod

assumed to have values less than 1 (the weighting factors
related to the current states are assumed to be 0.5 in the pro-
posed method). Similarly, the controllable inputs (actuators)
effort can also be penalized by increasing the corresponding
weighting factors in the R matrix such as wδvdc , δm and δϕ,
which are assumed to be 1. However, the weighting factors
corresponding to the uncontrollable inputs (disturbances) will
be set to zero. Therefore, the outer control loops with an
integral action are designed using PI controllers to counter
the grid disturbance effect. Finally, the state feedback gains
(K) are obtained by address the objective function in (14), that
can be solved using the associated Riccati equation, which
discussed in detail in [32], or using MATLAB’s function
(LQR design). This process is summarized in the following
flowchart given in Fig. 8.

FIGURE 8. LQR design flowchart.

As previously mentioned, the LQR is used for opti-
mally moving the system poles to improve its performance,
as shown in Fig. 9, which represents the open loop poles
and the closed loop poles/zeros based on the proposed LQR
technique for the GFC averaged model. The open loop poles
are located near the imaginary axis which yields to a poor
damping to the oscillatory components. Table 2 shows that
there are three dominant natural frequencies at 589 rad/s,
1033 rad/s and 1781 rad/s with insufficient damping ratios
of 76%, 17% and 10%, respectively. By employing the
proposed LQR technique, the open loop poles have been
moved away from the imaginary axis, as shown in Fig. 9.
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FIGURE 9. Pole-zero map for the open loop and closed loop GFC system based on the proposed controller.

TABLE 2. System open loop characteristics.

Table 3 shows the better characteristics achieved by LQR.
There are three dominant natural frequencies with 800 rad/s,
3551 rad/s and 5615 rad/s with sufficient damping ratios
of 88%, 100% and 99%, respectively. Moreover, the nearest
poles to the imaginary are cancelled with the proper selection
of system zeros, as shown in Fig. 9.

B. MAPPING MATRIX AND PI CONTROLLER DESIGN
PI is a closed loop system and one of the most common
controllers that are used to control different plants [33],
the mapping matrix given in (16) includes 12 weighting
factors, which emulate the required cross-coupling between
the control loops and identify the optimum contribution from
each PI output control loop.


rdc
rvgq
rvgd
rm
rφ


︸ ︷︷ ︸

r


−Wvcap→vdc wvfq→vdc

wvfd→vdc
wpo→vdc

0 0 0 0
0 0 0 0

wvcap→m wvfq→m wvfd→m wpo→m

wvcap→φ wvfq→φ wvfd→φ
wpo→φ


︸ ︷︷ ︸

weighting factors (5×4)


uc(dc)
uc(vq)
uc(vd)
uc(p)


︸ ︷︷ ︸
uc4×1

(16)

TABLE 3. System closed loop characteristics with LQR.

where, r is the reference input vector and uc is the PI output
vector.

In conventional damping techniques, the synchronization
angle (power angle), φ, is estimated using one signal, namely,
the control of active power as in VSC or the control of
DC-link voltage as in matching control. However, in the
proposed damping method, the synchronization angle is cal-
culated using a linear combination between 4 signals, namely,
uc(dc) that depends on the DC-link voltage regulation (as in
matching control), uc(p) that depends on the regulation of the
active power (as in a special type of VSM swing equation) and
uc(vd)/uc(vq), that depends on the vd /vq regulation (as in PLL
synchronization techniques) as shown in (16). This combined
method is more accurate and rapid in estimating the synchro-
nization angle since it depends on the contribution of 4 signals
instead of a single signal as in conventional techniques. It is
worth mentioning that the inaccurate synchronization will
lead to oscillating power flow between the GFC and grid.
Therefore, fast and accurate angle estimation will rapidly
damp this oscillating power component during transient peri-
ods. On the other hand, in conventional damping methods,
the change in the GFC output power causes fluctuations in
the DC-link voltage, then the DC-DC converter controller
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responds and regulates the DC-link voltage according to a
feedback from the DC-link voltage. This process remains
until the output power from the DC-DC converter matches
the power converter output power. However, the proposed
damping method uses a feedback signal, which depends on
a linear combination between the DC-link voltage, the output
converter power, and output converter voltage. This combi-
nation ensures that any power mismatch between the DC-DC
converter and GFC will be immediately and rapidly balanced
with minimum time. Furthermore, in conventional damping
methods, the output voltage control through the modula-
tion index of SVPWM assumes that the DC-link voltage is
constant without any fluctuations. However, in the proposed
damping technique, the modulation index has weighted fac-
tors from the DC-link and output power deviations, therefore,
it accurately determines the modulation index required for
voltage regulation.

PI parameters and mapping matrix are designed in the
integrative environment considering the feedback state gains
that previously designed using LQR technique [31]. The basic
design criterion for tuning the PI controllers and identifying
the Mapping matrix is based on addressing the optimization
problem given in (17) using pattern search algorithm.

min︸︷︷︸
h

f1 (h) = w1
∣∣1vcap∣∣+ w2

∣∣∣1vfq∣∣∣+ w3

∣∣∣1vfd ∣∣∣+ w4 |1po|

(17)

where, h are the decision variables (PI controller con-
stants and MM weighting factors), w1−w4 are the
weighting factors for the multi-objective function, and

|1vcap| ,
∣∣∣1vcq∣∣∣ , ∣∣1vcd ∣∣ , |1po| represent the absolute error of

the concerning responses.
As shown in (17), the objective function includes the devi-

ation of the concerning states for GFC around the reference’s
values. Pattern search seeks to minimize these deviations,
while the system is subjected to wide range of grid dis-
turbances such as: (1) step up/down and swing changes in
the grid frequency or voltage, and (2) changes in the active
power reference. It is worth mentioning that the minimization
of these deviation will improve the damping characteristics
of these states. Pattern search strategy can be summed as
follows:

Step 1: Setting up an initial condition for the PI parameters
and MM.

Step2: The System is simulated using MATLAB/
SIMULINK while it subjected to wide range of the grid
disturbances.

Step3: The deviations of the concerning states are mea-
sured and (17) is calculated.

Step 4: If the value of (17) is fitter than the previously
stored value, then this value is stored as a local minimum
value.

Step 5: The algorithm seeks to find a better minimum
value; therefore, it modifies the PI parameters and MM then
go to step (2).

Step 6: The algorithm will repeat step (5) until it achieves
the stopping criterion which is considered as maximum num-
ber of iterations in which objective function does not mini-
mize anymore, then the recently stored local minimum value
is considered as a global minimum. Moreover, the optimiza-
tion process is described in the flowchart given in Fig. 10. The
optimal GM, MM and the optimal PI gains are given in the
appendix.

FIGURE 10. PI and MM parameters design flowchart.

C. ROBUSTNESS ANALYSIS OF THE PROPOSED
CONTROLLER AGAINST UNCERTAIN
SYSTEM PARAMETERS
This subsection discusses the robustness of the proposed
controller. There are two common approaches to measure the
robustness for the system. (1) Monte-Carlo approach which
selects different combinations from the uncertainty ranges of
the uncertain parameters then test the system over these com-
binations. The µ-analysis is implemented using MATLAB
software to assess the system robustness. Fig. 11 shows the
voltage response of the DC-link capacitor at nominal values
set and other 25 random combination sets. Each random set
consists of the predetermined uncertain parameters whose
values are selected form the uncertainty ranges. It confirms
that the voltage response is stable and well-regulated while
changing the parameters in the uncertainty ranges, which
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FIGURE 11. The DC-link voltage with parameters uncertainty.

proves that the controller is robustly stable against parameters
uncertainty.

This approach can yield a general idea of the system
performance over the uncertainty ranges; however, it cannot
guarantee the analysis for the worst-case parameter combi-
nation. (2) Structured singular value (SSV) approach based
on µ-analysis [34]. This analysis guarantees including of the
worst-case parameter uncertainty combination. The proposed
controller is tested for different possible values of uncertain
parameters as listed in Table 4.

TABLE 4. Uncertainty percentage in the system parameters.

Moreover, the µ-analysis can search for the instability
scenarios outside the uncertainty used ranges (> 25%) if
the system is confirmed to be stable inside the uncertainty
ranges (<= 25%). There are many parameters’ combinations
outside the uncertainty ranges that cause instability, therefore,
the analysis selects the nearest unstable combination to the
nominal values. This combination is listed in Table 5.

Therefore, it is confirmed that the system parameters can
be changed up to 56.6% instead of 25% before the instability
occurs.

VI. SIMULATION AND CONTROL HARDWARE IN THE
LOOP VALIDATION
To validate the proposed controller, a detailed time-domain
model of the two-stage grid-connected system given
in Fig. 4 is tested for two case studies:

TABLE 5. Small perturbations that cause instability.

The system parameters are shown in Table 1. The first
case study is simulated using MATLAB/Simulink software
to validate the proposed method against various scenarios of
disturbances. In the second case study, the controller is practi-
cally validated based on Control Hardware in the loop (CHiL)
using OPAL-RT, as shown in Fig. 12. The OPAL-RT platform
is operating on 4 cores based on Intel Core Xeon processor at
3 GHz and RAM2× 8GB. The system controller is uploaded
on a 150 MHz DSP (Digital Signal Processor) labeled as
(TMS320F28335ZJZA). The DSP is responsible for handling
the control and feedback signals of GFC setup on OPAL-RT
platform. The DSP receives the system states and based
on these values it generates the required signals to operate
the GFC on OPAL-RT platform. The second study includes
a comparison between the conventional PI based control
in [11] without (MM and GM), and the proposed damping
method. This comparative study clarifies the significance of
pre-defined matrices (MM and GM).

FIGURE 12. Control Hardware in the Loop system.

A. CASE STUDY 1
In this case study, the proposed control method is tested
against different disturbances in the grid frequency, grid volt-
age and converter output power. Fig. 13(a) elucidates the
nominal grid frequency with step and swing disturbances at
different time instances. Fig. 13(b) illustrates the nominal
grid RMS voltage with step disturbances at different time
instances. The change in the converter power reference is
illustrated in Fig. 13(c). Fig. 14 depicts the responses of
the DC-DC converter and grid-connected converter against
the different disturbances. The change in the line-line out-
put voltage across the LCL filter capacitor against the dis-
turbances is shown in Fig. 14(a). There are small notches
appear on the voltage waveform to support the damping
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FIGURE 13. Case 1 Grid disturbances: (a) Grid frequency, (b) Grid RMS voltage, and (c) Converter power reference.

process against the disturbances, then remains constant over
the whole period. The voltage across the DC-link against the
disturbances is shown in Fig. 14(b), which confirms that the
DC-link voltage is almost constant even under large voltage
and power disturbances. This is simply thanks to using both
grid-connected converter and DC-DC converter simultane-
ously without a communication delay. Therefore, the change
in the output converter power causes immediate change in
the output DC-DC converter power by the controller. The
output converter power response is shown in Fig. 14(c), which
exhibits the same inertia response of a conventional SM but
with a sufficient damping effect with a maximum power
oscillation of 0.1 pu around the nominal power against wide
scenarios of disturbances. Also, the converter is smoothly
followed the changes in the power reference with a small
overshoot/undershoot.

B. CASE STUDY 2
In this study, the proposed damping control method is com-
pared with conventional PI-based damping controller and the
results are presented in a per unit basis with respect to the
desired values (380 V and 60 kW).

The hardware implementation of the GFC controller is
applied using DSP and the OPAL-RT is emulated the grid
conditions.

Fig. 15 presents the results against frequency step distur-
bances, which could be described as follows:
• At t = 0.6 s: a step change occurs from 60 to 60.1Hz;
• At t = 1.1 s: a step change occurs from 60.1 to 60.2 Hz;
• At t = 1.6 s: a sudden drop occurs from 60.2 to 60 Hz;
For a fair comparison, the PI controller gains of the conven-

tional controller are also optimally tuned based on the same

pattern search algorithm. As shown in Fig 15(a), a significant
improvement in the damping conditions is obtained with
the proposed control method over the conventional one. For
instance, the worst condition is obtained when the frequency
suddenly drops from 60.2 to 60 Hz, where the output power
experiences significant oscillations with a maximum ampli-
tude of 3 pu within 0.2 s under conventional PI-based control
scheme. With the proposed controller, the output power is
quickly damped within 0.05 s with a maximum amplitude
of 1.2 pu. This is simply thanks to theMMblock, so the damp-
ing effect and synchronizing angle are generated based on
information from the three possible control loops (active loop,
reactive loop, and DC-link loop), while it is usually achieved
by only P-f loop in the conventional PI-based control scheme.

Fig. 15(b) presents the output voltage across the filter
capacitor and shows the impact of MM on the voltage profile
during the disturbances. This proves the claim of reactive loop
contributions in the damping process.

Moreover, the system is verified against changing in the
output active power, which is another common type of
changes in power systems. Fig. 16 presents the responses
against the changing of the output active power, which could
be described as follows:
• At t= 0.6 s: a sudden drop in the output active power (P)
occurs from 1 to 0.65 p.u.;

• At t = 1.1 s: a step change in P occurs from 0.65 to
0.85 p.u.;

• At t = 1.6 s: another step change in P occurs from
0.85 to 1 p.u.;

As shown in Fig 16(a), the damping of the proposed con-
trol method is more efficient than the conventional method.
For instance, the maximum overshot during this type of
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FIGURE 14. Case 1 simulation results under different grid disturbances: (a) Output voltage across the filter capacitor, (b) DC-link voltage, and
(c) Converter output power.

FIGURE 15. Experimental results against frequency disturbances: (a) Top:
converter output power for the proposed controller, bottom: converter
output power for the conventional controller, and (b) Output voltage
across the filter capacitor for the proposed controller.

disturbance is 0.07 p.u. and rapidly damped within 0.02 s,
while the overshoot will be worse in the conventional method
with 0.2 p.u. and dampedwithin 0.08 s. Fig. 16(b) presents the
output voltage across the input DC capacitor and describes the

FIGURE 16. Experimental results against active power changes: (a) Top:
converter output power for the proposed controller, bottom: converter
output power for the conventional controller, and (b) Output voltage
across the filter capacitor for the proposed controller.

impact of MM on its voltage profile during the changing in
the output active power disturbance. It is worth mentioning
that the over/under voltage of the DC-link voltage occurs
when the inverter output active power does not match the
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FIGURE 17. Experimental results against disturbances in grid voltage:
(a) Top: converter output active power for the proposed controller,
bottom: converter output reactive power for the proposed controller,
(b) Top: converter output active power for the conventional
controller, bottom: converter output reactive power for the conventional
controller, and (c) Output voltage across the filter capacitor for the
proposed controller.

power from the DC-DC converter. This voltage needs to be
rapidly regulated to balance between the inverter and DC-DC
converter active powers. Fig. 16(b) shows that the DC-link
voltage is rapidly regulated during the power mismatch due
to the coupling between the active power and DC regulation
loop through MM.

The system is verified as well against disturbances in the
grid voltage. Fig. 17 presents the responses of the active
and reactive powers against the changing in the grid voltage,
which could be described as follows:
• At t = 0.6 s: a sudden drop occurs in the grid voltage
(V) from 1 to 0.8 p.u.;

• At t= 0.8 s: a step change in V occurs from 0.8 to 1 p.u.;
As shown in Fig 17(a), the damping of the proposed control
method is also more efficient than the conventional method

for this type of disturbance. For instance, the maximum
overshot during this disturbance is 0.1 p.u. in the active and
reactive powers and rapidly damped within 0.01 s. Moreover,
the reactive power smoothly increases to support the grid
voltage during this drop to preserve the nominal voltage
(380V) across the filter capacitor.

In contrast, the overshoot in the conventional method is
approximately 0.25 p.u. in the active and reactive powers,
and these oscillations are damped within 0.1 s as shown
in Fig. 17(b).

Fig. 17(c) presents the output voltage across the filter
capacitor and shows that there are some notches during dis-
turbances in the grid voltage however it rapidly returns to its
nominal value (380 V) within one cycle 0.0167 s.

As shown in TABLE 6, which summarizes the key find-
ings of this section, the maximum overshoot is significantly
curtailed using the proposed damping method compared to
the conventional one. The maximum overshoot is reduced
by approximately 60% compared to the conventional method
against the most common disturbances in the power sys-
tem, namely, grid frequency, grid voltage and change in the
active power demand. Moreover, the oscillations are damped
by 10 times faster than the conventional method. There-
fore, the proposed damping method introduces more damped
responses, which increases the power system stability.

TABLE 6. Comparison between the proposed and conventional damping
methods in terms of maximum overshoot and settling time.

VII. CONCLUSION
An improved damping control method for grid forming con-
verters has been proposed that can be used in low-inertia
power systems or inverter dominated microgrid to increase
the system stability. The main advantage of the proposed
method is that the damping effect and synchronization angle
deduction have been contributed by three different terms,
namely the converter output voltage, speed (angle), and vari-
ation in the DC-link voltage. The proposed damping method
has been validated using simulation and Control Hardware
in the Loop against different and common types of grid
disturbances. The results reflect better and faster damping
for the proposed control method against the conventional
method. The controller has been optimally designed for a
two-stage grid-connected converter coupled by an LCL filter,
and it was shown that the damping response can signifi-
cantly be improved by optimally weighting the three feed-
back signals using a pattern search algorithm. Moreover,
the controller has been tested against parameters uncertainty
using µ-analysis, and it was confirmed that the system is
robustly stable against variation in the system parameters that
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can be changed up to 56.6 % before the instability occurs.
As a future work, the proposed controller will be tested in
an inverter-dominated microgrid and the control structure
will be supplemented and improved by auxiliary components
such as current limitation for fault ride through purposes
and to handle unbalanced grid conditions. Moreover, some
challenges related to the transient stability for grid-forming
power converters will be addressed besides the small signal
stability mentioned in this paper.

APPENDIX
The gain matrix can be described using LQR as follows:

GM=


0.42 0.05 −0.01 0.02 −0.02 −0.06 0.01
0 0 0 0 0 0 0
0 0 0 0 0 0 0
−0.05 0.435 −0.002 0.86 −0.49 −0.4 0
0.003 −0.003 0.44 0.49 0.86 0 −0.4


(A1)

The MM can be described using pattern search algorithm
as follows:

MM =


1.4075 0.0233 −0.0291 0.48

0 0 0 0
0 0 0 0

−0.0290 0.6393 −0.3821 0.03
0.234 0.0382 0.0639 0.6395

 (A2)

The PI parameters are shown as follows A0(000),A1(100),
A2(110), as shown at the bottom of the previous page

kp1, kp2, kp3, kp4 Proportional Gains 0.1, 0.01, 0.01, 0.001

Ki1, ki2, ki3, ki4 Integral Gains 20, 10, 10, 0.01
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