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Abstract—This work proposes a method of designing adaptive
controllers for reliable and stable operation of a Grid-Forming
Inverter (GFI) during black-start. Here, the characteristic loci
method has been primarily used for guiding the adaptation and
tuning of the control parameters, based on a thorough sensitivity
analysis of the system over a desired frequency bandwidth. The
control hierarchy comprises active-reactive (P-Q) power support,
voltage regulation, current control, and frequency recovery over
the sequence of various events during black-starting. These events
comprise energization of transformers and different types of
loads, alongside post-fault recovery. The developed method has
been tested in a 75 MVA inverter system, which is simulated
in PSCAD®. The inverter energizes static and induction motor
loads, besides transformers. This system has also been subjected
to a line-ground fault for validating the robustness of the
proposed adaptive control structure in post-fault recovery.

Index Terms—Adaptive control, Black-starting, Frequency re-
covery, Grid-forming inverter, and Voltage stability.

I. INTRODUCTION

NVERTER based distributed energy resources have become
Ivital for attaining the clean energy targets worldwide. With
an increase in such inverter based resources (IBRs), there can
potentially be a need to utilize them as designated black start
resources. Black start is the process of power system restora-
tion following an outage. Worldwide, restoration is treated as
a critical aspect of power system operations and planning, for
reducing interruptions to the economy and quality of life.

Transmission system operators plan a black start process
based on the location and type of black start resources,
presence of critical loads, and location of ties to neighboring
systems [1]-[3]. The restoration process comprises initiation of
generator start-up, followed by establishment of transmission
network, load recovery, and system stabilization [4].

Steady-state and transient stability studies are traditionally
performed to evaluate the restoration plans [5], [6]. Transient
analysis is performed using conventional positive sequence
software [7], [8], with the aim of: (1) Verifying dynamic
performance of each unit in a power plant by monitoring the P-
Q, voltage, and frequency; (2) Verifying no under frequency
load shedding relays or generation relays are activated; (3)
Determining the best frequency control mode (droop or iso-
chronous). Studies are performed to validate these restoration
plans in accordance with NERC EOP-005-2 R6 [9].

A universal guideline for conducting black-start is lacking,
where analysis using electromagnetic transient (EMT) simu-

lations are seldom adopted by the utilities. EMT simulation
of a system with high penetration of IBRs is essential for
determining its stability, when the IBRs participate in black-
start. This is because black-start is characterized by a short-
circuit strength of 0.0 when the first black-starting resource
lights up that system, thereby making small changes in injected
current potentially cause large changes in the terminal voltage
of an IBR. This is a source of instability since fast controllers
try to lock onto a fast moving system, in order to maintain rigid
current control. The use of high bandwidth fast controllers to
regulate a fast moving process drastically reduces its stability
margin [10]. Thus, conventional phase locked loop (PLL)
based controls may fail to operate in a 100% IBR system. In
fact, PLL based control may be detrimental to system stability
for obtaining inverter based generation levels of greater than
65% of the load served [11], [12]. Instead, controllers that al-
low the grid to view an inverter as a voltage source rather than
a current source will be required [11], [13]. Such controllers
would allow the magnitude and phase of the injected current
to be largely uncontrolled if it is within the current limits of
the power electronic components, thus allowing fast current
injection. Although it can be inferred that such an operation
would be impossible with a PLL, it has been shown in [14]
that with careful design of the PLL based inverter control,
the viability of operating a 100% inverter based system with
only PLL based control architecture is indeed possible. This
paves the way for adaptive primary control techniques that can
perform prompt adjustment of control gains based on system
conditions. Adaptation of the control gains must be performed
within optimal limits, which can be determined by analysing
stability of the system with respect to some disturbances.

In this work, an adaptive control architecture has been pro-
posed for stable operation during energization of various loads,
transformers and riding through a fault. The characteristic
loci method has been adopted to evaluate the sensitivity of
the system parameters to changes in the energization path.
Performance of the proposed method has been demonstrated
in a 75 MVA inverter-based black starting system, which has
been studied in EMT domain using PSCAD®.

II. OVERVIEW OF CONTROL DESIGN

This section provides an overview of the proposed control
structure and its hierarchy, comprising P-Q support, frequency
restoration, voltage stability and current control.
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Fig. 1. Grid forming inverter system, consisting of filter circuit, auxiliary load, transformers, transmission lines, and different types of loads.

A. Active-reactive power (P-Q) control

This is the outermost layer in the control hierarchy, where P
is regulated based on J-P droop. However, unlike conventional
droop, the control parameters are adaptive based on the states
of the system. The controller at this level also generates
voltage reference (V;..r), as a function of both P and Q.

The IBR being disconnected from the grid, requires an
efficient frequency controller that is capable of providing quick
recovery from disturbances. Here, a synchronous reference
frame phase-locked loop (SRF-PLL) has been used for that.

B. Voltage control

This is the second level in the control hierarchy, whose pri-
mary task is accurate tracking of V,..y from the outermost layer
and providing set-points to the current controller. It is also
provisioned with a power system stabilizer for damping out
oscillations arising from motor loads. The control parameters
are adapted for adjusting to changes in the system.

C. Current Control

This is the innermost controller in the hierarchy and receives
current set-points from the higher-level controllers. Being in
the lowest level, this controller must be the fastest among the
three levels. Hence, the control parameters are designed for a
wider bandwidth of operation, without any adaptive gains.

III. SYSTEM UNDER STUDY

The case study comprises a 75 MVA inverter that black
starts a grid by sequentially energizing various types of loads
and transformers, as illustrated in Fig. 1. The inverter is
connected to a 3MW auxiliary load and the voltage and
frequency control loops activate at ¢ = 1.5s (I). The sequence
of events thereafter involves energizing different components
such as: (2) a 0.575/21.6 kV transformer at 6s; (3) a 21.6/500
kV transformer at 7s; (4) a medium T-line at 12s; (5) at 25s a
7MW constant I-load pickup along with three induction motor
loads of (6) 7 MVA, (7) 2.5 MVA and (8) 3 MVA capacities.
(9) At 100s, a 80ms line-ground fault is applied at the T-line.

IV. DETAILED CONTROL DESIGN
This section elaborates on the design approach for adapting
the sensitive parameters in the individual control layers.
A. Current Controller

The current, (I), through the inverter filter (Fig. 2) is
decoupled into its direct axis (d) and quadrature axis (q)
components, which are being regulated to accurately follow
the references received from the higher level controllers.
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Fig. 2. The inverter under study and its filter circuit.

1) Decoupled Control Design: The control method for the
3 — ¢ I through the inverter filter, after being transformed to
its d-g components, is illustrated in Fig. 3. The corresponding
transfer function is shown in (1).

GKd/q

7~ GBaya —LV wL;G
d/q — 1+GKd/q d/q—ref 1+Gd/q d/q

1+ GK4 Taja
(1

where, 4/, are the d/q components of the measured 3 — ¢

I, I3/q—res are the d/q current references, Vg, are the d/q

components of the measured voltage across the filter capacitor,

Cy. Ry and L are the filter parameters of the inverter, where
1

+

K, is either a proportional (P) or a proportional-integral (PI)
gain. The choice of K/, is crucial to the stability margin of

I
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Fig. 3. Decoupled Current Control Loop.
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Fig. 4. Eigenvalue plot when current controller comprises PI gains.
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the system since increasing K/, ascertains accurate tracking
of Iy_,cy by I4, as demonstrated by (2).
Kdl/iqxgoo Io=0%ILyg vey +0+0 )
However, a very high value of K4/, can also push the system
towards instability, and hence this necessitates careful tuning.
2) Stability Analysis: The eigenvalues pertaining to (1)
with Ky as a P-gain, are evaluated by varying K; from
0.2 to 3276. Although the eigenvalues become more negative
with increasing P-gain, a dominant pole always exists at the
origin. The corresponding step responses of I;, with respect
t0 Iq_ref, I5 and Vyz show an over-damped response and a
considerable steady state error in the response of I; with
respect to I,. Consequently, an integral-gain has been added
to a P-gain of 3.2, where the integral gain is varied from
2 to 2048. The resulting eigenvalues and step responses are
illustrated in Figs. 4 and 5, respectively. Fig. 4 shows that the
dominant eigenvalues have shifted to the left of the imaginary
axis and the step responses show improved performance in
terms of rise/settling times, peak values, and steady state
errors. Since the current controller must be the fastest in the
control hierarchy, the integral gain has been chosen to be 32.

B. Voltage Controller

Fig. 6 shows the control structure for regulating the voltage
and stabilizing frequency oscillations.

1) Sensitivity to Reference Input: V,..; adapts based on the
P — @ variation in the system, as shown in (3) [15].

Vref = Viaom + KPQ [mQQ + mPP] (3)
Since the inverter system is primarily voltage controlled and
lacking in rotational inertia, a V' — @ droop is insufficient

in reflecting the voltage condition in this case study. The
parameters in (3) are constant and tuned such that the voltage
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Fig. 6. Control design for voltage regulation.
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Fig. 5. Step response of I with respect to Iq_,c ¢, Iq and Vg , when a fixed proportional gain and a varying integral gain are used for current control.

0 05 1 15 2 25 3
Time (s)
(c) I4 with respect to I,

remains within its minimum/maximum limits during worst
case scenario that is specific to the system.

The transfer function of the measured output voltage (V,,,)
with respect to V;..y is presented in (4),

K, (s)[Kq(s) — Ry — sLy]
1+ K, (s)[Kq(s) — Ry — sLy] "/

Vi = (C))
where K,(s) = K,; + K;;/s, is obtained from the current
control design in Section IV-A, and K, is the control gain of
the voltage controller. The response of V,, with K, (s) as a
P-gain (kK,,), evaluated using (5), is presented in Fig. 7.

2 Kpp L+ sKpy(Rp — Kpi) — KpoKis
$2Kpu Ly + s[Kpo(Ry — Kpi) — 1] — Kpo K

Vi = Vier 5

The step response shows instability when a P-gain is used
for voltage regulation. The response of V,, with K, (s) as an
integral gain (K;,), evaluated using (6), is presented in Fig. 8.

$?KiwLy + sKiw(Ry — Kpi) — Kiw K

Vi =
8?2(KiyLy — 1) + sKiw(Ry — Kpi) — Kip K

Vier (6

It is evident from the Fig. 8 that an integral gain provides
accurate tracking and fast response of the variable reference.
However, the log-magnitude plot also shows a small bandwidth
of operation, which implies poor tracking and slow response at
higher order frequencies. This may introduce voltage instabil-
ity in the form of oscillations when motor loads are energized
by the inverter [16], [17]. Hence, the voltage controller has
been equipped with an adaptive frequency compensation loop,
as illustrated in Fig. 9. The adaptation of the pole (at —1/T")
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Fig. 7. Step responses of Vi, with respect to Vyg_ ..y when P-gain is used
for voltage control
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Fig. 8. Frequency and Step responses of V;, with respect to Vy_,..y when
integral gain is used for voltage control.
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Fig. 9. Frequency compensation for voltage controller.

in the compensation loop is based on the reactive power
profile during the starting of an induction motor, which is
characterised by a steep rise followed by a gradual descent.
Thus, T is introduced into the loop when the rate of decrease
of reactive power exceeds a threshold (Q;), and its value is
an integral function of the reactive power (Q).

C. Active Power Controller

In the active power controller shown in Fig. 10, active power
(P,q) is modulated based on the deviation of frequency (f,,)
from its nominal value (f,s) and is responsible for providing
Iq_rcy (Ip) to the current controller after being divided by V/,,.
The frequency, being a function of V;, makes the regulation
of P,.q a coupled control problem, as expressed by (7).

Vo /V2 + V2 =
K;G

Prep = Oref m} [Kp(s) — Ry — sLy]

Analysis of (7) with V; = 0, which also implies f,, = frcy,
provides a small signal response of V; with respect to P ref-

Ky KsG
(f7'ef - fm) (a + m) (7)
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Fig. 10. Closed-loop control structure of the active power controller.

erence (Pr.s) and phase angle refrence (d,..f) when frequency
is stable, as shown in (8) and (9), respectively.

OVy  Kii+ (Kip — Ry)s — Lys®
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The log magnitude analysis of (9) at the equilibrium point of
V, = 1 p.u. ascertains a stable operation within the necessary
bandwidth. Performance of the active power controller, during
frequency variations that may be initiated by change in loading
scenario and its post-fault recovery, can be evaluated by
analyzing (7) with V,, = 0. The characteristic loci method
has been adopted here, where the coupling of f with other
control parameters is of importance and is shown in (10).
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(10)
Log magnitude analysis of (10) show that the coupling be-
tween f and P,.s is primarily shaped by the parameter K,
and increasing this gain provides improved damping of the
output for a wide range of frequencies. The impact of varying
the gain K on the coupling between f and d,.; show that
although K provides damping to the output, however, the
impact is limited to the lower frequencies, where f is already
stable as explained in prior discussion. Consequently, the

Fig. 11. Adaptation of the parameter K, as a function of active power.



parameter K, has been made adaptive based on the active
power demand and its rate of change, as demonstrated by
Fig. 11. The increased gain provides damping to frequency
oscillations when the active power demand sharply increases
and exceeds that of the auxiliary load.

V. SIMULATION RESULTS

The system along with the sequence of events as depicted
in Section III, has been simulated in PSCAD® for 120
seconds. The corresponding voltage and frequency are shown
in Figs. 12 and 13, respectively. Fig. 12 shows the voltages
measured at three different points in the energization path.
Besides successful energization, this figure shows that the
voltage oscillations corresponding to events (6), (7), and (8)
have been satisfactorily damped. Also, the control architecture
was able to recover the voltage after the L-G fault in event
(9). Fig. 13 shows that the frequency drops to 59.88 Hz after
energization of the 3 MVA motor load, but recovers thereafter,
thereby avoiding violation of the frequency limits.

VI. CONCLUSION

In this work, a method of designing adaptive controllers
for a grid-forming inverter that black starts a network has
been developed. The effectiveness of the method has been
demonstrated with a 75 MVA inverter based black starting
system that energizes transformers, static and motor loads, and
recovers the system frequency and voltage after an L-G fault.

The analysis provided parameter gains with a wide band-
width of operation for decoupled current control design. Our
evaluation of the voltage control loop showed the requirement
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Fig. 12. System voltage at three different points in the energization path.
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Fig. 13. System frequency recovery during the different events.

of power system stabilizers with adaptive time constant for
damping out oscillations arising from motor loads. Besides,
the active power support required adaptive parameter gains
for achieving stable and reliable operation of the system.

The simulation results using PSCAD® illustrate the system
voltage and frequency during the different sequence of events
in the energization process. These results validate that appro-
priate regulation of voltage during the sequence and frequency
restoration after the fault have been achieved with the proposed
control architecture.
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