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Abstract: Constructing isolated industrial microgrids with wind power is beneficial for improving
the economic benefits of high-energy-consuming production, such as the electrolytic aluminum
industry. Due to the specialized structure of industrial microgrids and the unique characteristics of
the electrolytic aluminum load (EAL), the common emergency frequency control methods do not
apply to the specific operational requirements of isolated industrial microgrids. Since EALs have huge
regulating capacities and fast responses, this paper proposes a coordinated emergency frequency
control scheme to deal with power disturbances in isolated industrial microgrids. The coordinated
frequency control model of an industrial microgrid considering demand-side participation is derived.
With the help of output regulation theory, a practical, feasible coordinated frequency controller is
designed by introducing frequency deviation and power disturbance as feedback control signals. The
proposed control scheme achieves reserve power distribution between the generation and demand
sides. The microgrid frequency can be maintained within a permitted range in the presence of
large power imbalances. The simulation results conducted in an actual isolated industrial microgrid
validate the effectiveness and dynamic performance of the proposed control scheme.

Keywords: frequency control; isolated industrial microgrid; electrolytic aluminum; output regulation;
wind power

1. Introduction
1.1. Background

In order to deal with environmental pollution and energy shortages, the Chinese
government issued carbon peaking and carbon neutrality targets in 2020 [1]. Toward
this end, carbon dioxide emissions in China will peak and stabilize by 2030, and carbon
neutrality will be achieved by 2060 [2]. As a type of renewable energy, wind power
generation plays an important role in Chinese low-carbon energy system construction,
which has been developed rapidly in recent years [3]. According to the statistical reports
issued by the National Energy Administration, by the end of 2023, the total wind power
installed capacity in China had already reached to 441.3 GW, representing a 20.7% increase
over the previous year [4]. Therefore, in order to obtain cheaper electricity, high-energy-
consuming enterprises in China, such as the electrolytic aluminum industry, are gradually
transiting production to regions with abundant thermal and wind power [5]. To facilitate
wind power utilization and improve the economic profit of industries, isolated industrial
microgrid construction is encouraged in China [6,7].

However, the isolated industrial microgrids are normally designed with simple elec-
trical structures and disconnected from the utility grid, leading to smaller system inertia
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than with large power grids. In addition, when the isolated industrial microgrid is inte-
grated with a high proportion of wind power, the power system stability may be further
deteriorated in terms of the large power disturbances and insufficient reserve capacity [8].
Therefore, emergency frequency control is one of the major technical issues for the operation
of the isolated industrial microgrid [9].

1.2. Literature Review

The traditional emergency frequency control methods include the active power regu-
lation of generators (primary and secondary frequency control) and load-shedding control
strategies. In [10], an optimal primary frequency controller based on an adaptive optimal
output—feedback approach was proposed to deal with uncertain disturbances in islanded
microgrids. The authors of [11] presented a distributed robust secondary control approach
to achieve frequency restoration and accurate active power sharing. The authors of [12]
investigated a coordinated load-shedding control scheme to eliminate the power deficit
for an islanded microgrid with distributed energy resources. In [13], the authors studied
a deep learning-based load-shedding control strategy to determine the shedding action
selection accurately. In addition, constructing an energy storage system (ESS) is a feasible
solution to improve the stability of an isolated power grid with renewable energy. A joint
frequency modulation control strategy combining wind farms and ESSs was employed
to enhance the dynamic response characteristics under different wind speeds in [14]. The
authors of [15] studied a variable droop strategy for an actual power grid with a battery
ESS and evaluated its impact on the dynamic response.

Although the above literature is well studied, the common methods may not be
particularly practical to guarantee the specific production requirements of the isolated
industrial microgrid. The electrolytic aluminum load (EAL), as a type of energy-intensive
industrial load, usually works as a whole part with an installed megawatt-class capacity,
which means that the normal load-shedding strategy is not applicable for EALs.

As the time derivative of the power system frequency (df /dt), the rate of change
of frequency (ROCOF) is important for qualifying the robustness of a power grid. Due
to the small inertial of isolated industrial microgrids, extreme working scenarios, such
as short faults on generators, may lead to the rapid decrease in the rate of change of
frequency (ROCOF). Large-scale ESS construction will bring higher production costs for the
high-energy-consuming enterprises, which is neither practical nor economical for isolated
industrial microgrids.

Developing the regulating potential of EALs can be another feasible method, since the
load control and demand response of EALs have been investigated by many research works.
The authors of [16] studied the load control methods of the EAL based on its electrical
model, such as controlling the transformer ratio and equivalent inductance of saturable
reactors. By regulating the active power consumption of the EAL, the authors of [17]
developed a frequency control method to eliminate the power imbalance in an isolated
microgrid. In [18,19], the fast demand response provided by EALs was shown to smooth or
track wind power fluctuations effectively by using tie-line power deviation as a feedback
control signal. A hierarchical dispatch architecture of EALs and thermal generators in [20]
was shown to provide secondary frequency auxiliary service for industrial microgrids.
The aforementioned research works indicate that EALs are able to provide huge demand
response in terms of emergency frequency control in isolated industrial microgrids.

Therefore, this paper aims to coordinate the generation and demand sides to achieve
the emergency frequency control of isolated industrial microgrids with a high proportion
of wind power. The traditional control strategies mainly focus on PI or PID controllers,
which are incapable of achieving satisfactory effects. The PI control methods in [21,22] were
unable to achieve zero-steady-error tracking in the presence of wind power fluctuations.
Several research works applied model predictive control (MPC) methods to improve the
dynamic performance. In [23], an MPC-based frequency controller was formulated to
regulate the demand side and address the large power disturbance in microgrids. The
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authors of [24] proposed an MPC-based demand-side management strategy to smooth
distributed photovoltaic power fluctuations. Although MPC controllers are capable of
achieving the required performance, the complexity of online optimization algorithms
brings significant difficulties for practical applications.

On the other hand, frequency control issues have been formulated as output regulation
problems by several works. The authors of [25] investigated a frequency and excitation
voltage control scheme by applying regulator theory to achieve demand-side regulation.
In [26], the authors proposed a voltage and frequency regulation strategy based on the
output regulation approach to track voltage and frequency references accurately in terms of
the occurrence of disturbance events. Motivated by the positive error tracking ability and
the practical feasibility, this paper adopts output regulation theory to develop a coordinated
emergency frequency control for isolated industrial microgrids.

1.3. Contributions

In order to address the frequency control issues in isolated industrial microgrids with
a high penetration of wind power, this paper aims to investigate the regulation potential of
EALs by developing a detailed control model. For the purpose of restoring frequency in the
presence of active power disturbances caused by emergencies or wind power fluctuations, a
coordinated frequency control scheme based on the output regulation approach is proposed
to combine the thermal generators and EALs.

In summary, the main contributions of this work are summarized as follows:

1. The emergency frequency control issues in isolated aluminum production industrial
microgrids are discussed in detail. The control model of EALs and the advantages of
demand-side control in isolated industrial microgrids are also illustrated.

2. A coordinated frequency control model combining thermal generators and EALs is
developed for emergency frequency regulation in the isolated industrial microgrid in
the presence of low system inertia and insufficient reserve capacity.

3. The problem of emergency frequency control is formulated as an output regulation
problem. With the help of the output regulation approach, a practically feasible
frequency controller is investigated with the feedback control signals of frequency
deviation and power disturbances, verifying that it increases the rapid frequency
regulating capacity of isolated industrial microgrids.

1.4. Organization

The remainder of this paper is organized as follows. Section 2 describes the emergency
frequency control issues in an actual isolated industrial microgrid with a high proportion of
wind power. In Section 3, the coordinated frequency control model is developed, including
the detailed control model of EALs. In Section 4, the output regulation theory is applied
to derive solutions for coordinated frequency control problems and to implement the
frequency control scheme. The simulation results and analyses are presented in Section 5.
The conclusions are given in Section 6.

2. Emergency Frequency Control Issues in Isolated Industrial Microgrids

As a northern province in China, Inner Mongolia is abundant with coal and wind
energy resources, which is attractive for high-energy-consuming industries due to the
lower electricity price. Electrolytic aluminum enterprises in China are gradually transiting
production to the northern areas with abundant renewable energy. The technical and
economic assessment in [27] has revealed the economic efficiency and engineering feasibility
of constructing isolated industrial aluminum production microgrids. Thus, an actual
industrial microgrid located in Inner Mongolia for aluminum production is selected as
the study case, with the grid configuration shown in Figure 1. The main components of
the industrial microgrid include generation sources, transformers, transmission lines, and
loads. The generation sources consist of eight self-owned thermal generators (G1-G8) with
a total installed capacity of 1800 MW and two 400-MW wind farms (WF1-WF2). Since the
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isolated industrial microgrid is constructed specifically for aluminum production, the main
loads in the microgrid include three aluminum production lines (EAL1-EAL3) and regular
heating loads. The loads are supplied by the thermal generators and wind farms directly
via transformers and transmission lines. The detailed installed capacity of the thermal
generators and wind farms, and the power demand of the loads, are listed in Tables 1 and 2,
respectively.
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Figure 1. The structure of the actual isolated industrial microgrid for aluminum production.

Table 1. The installed capacity of thermal generators and wind farms.

Generators/Wind Farms G1/G2 G3/G4 G5/G6 G7/G8 WF1/WF2
Installed Capacity (MW) 100 150 300 350 400

Table 2. The power demand of the EALs and heating loads.

Heating Heating Heating
Load1 Load2 Load3

Power Demand (MW) 330 400 640 20 10 10

EALs/Heating Loads EAL1 EAL2 EAL3

The isolated industrial microgrid operation is supposed to meet the security require-
ments of the power system, such as the “N-1” principle. The microgrid is supposed to
have a sufficient reserve capacity to cope with active shortages and maintain a stable
frequency when any one of the generation units is out of service. Generally, the primary



Energies 2024, 17, 5217

50f19

frequency control reserve from thermal generators is set as 5% of the installed capacity,
which means 90 MW in total for the power reserve. Table 3 lists a typical working situation
for thermal generators and wind farms. For instance, when the thermal generator G5 is
out of service because of short-circuit faults, the huge active power shortage of 170.2 MW
in the industrial microgrid is much higher than the primary frequency reserve from the
rest of the generators at 75 MW. The frequency nadir, representing the lowest point of the
frequency when a power disturbance occurs, is an essential critical indicator for evaluating
the power system stability.

Table 3. The output power of thermal generators and wind farms in a typical working situation.

Generation Units G1/G2 G3/G4 G5/G6 G7/G8 WF1/WF2
Output Power (MW) 60.4 85.4 170.2 191.5 212.8

The generator G5 is tripped off from the microgrid at t = 2 s, leading to the frequency
dropping down to the nadir of 48.48 Hz within 3 s (with the ROCOF of 4.45 Hz /s at the
beginning of the emergency) and remaining steady at 49.5 Hz in the end, as shown in
Figure 2.

3¢ 50.72 Hz

49.0

Frequency (Hz)

Generator G5 is tripped off

EALL is shed after short circuit fault on G5

| | | | |
0 5 10 15 20 25 30
Time (s)

48.0

Figure 2. The frequency curves of different situations in the isolated industrial microgrid.

However, the traditional load-shedding strategy is not practical in this industrial
microgrid because the EAL works as a whole part. The active power demand of three
electrolytic aluminum production lines is listed in Table 2, demonstrating that the capacity
of a single EAL is much larger than that of a single generator. Figure 2 demonstrates
the frequency response when applying the load-shedding strategy. EAL1 is shed at 0.5 s
after generator G5 being tripped off, leading the frequency rising to the peak of 50.72 Hz,
which may activate the over-frequency protection of the generators and result in the further
collapse of the system frequency. Obviously, it is difficult for the common methods, such
as the primary frequency control and load-shedding strategy, to maintain the frequency
stability in isolated industrial microgrids for the following reasons:

1.  The reserve capacity from the thermal generators is insufficient for the large power
imbalance caused by emergency faults. In addition, installing a high penetration of
wind power (up to about 31%) and disconnecting from the utility power grid would
further decrease the inertia of the microgrid.

2. Due to the special structure of the industrial microgrid, the installed capacity of a
single generator or EAL is relatively huge compared with the total power demand
capacity, which brings difficulties in achieving an active power balance with the
common methods.

On the other hand, with the integration of a high penetration of wind power, the inertia
of the isolated power system would decrease and the frequency stability characteristics
would worsen. The active power imbalances caused by wind power fluctuation may result
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in rapid frequency change. The intensive wind fluctuation can reach up to £15% of the
installed capacity of wind farms in seconds. For cost reasons, wind turbine generators are
generally encouraged to operate in maximum power point tracking (MPPT) mode, which
provides no extra frequency regulation reserve. Except for the insufficient reserve capacity,
the regulating ratio of the thermal generators may have difficulty in covering the intensive
wind power fluctuation. Thus, integrating a high penetration of wind power in isolated
industrial microgrids also brings severe frequency stability issues.

As a type of high-energy-consuming industrial load, the EAL has been proven to pro-
vide regulation potential, as mentioned in Section 1. Previous studies have also illustrated
the control methods and regulation ability of EALs [16-20]. EALs are shown to provide
regulation characteristics of a considerable capacity and a fast response, which will be
discussed in detail in Section 3. Therefore, instead of traditional load-shedding strategies,
the active power demand of EALs can be controlled accurately to provide reserve capacity
to compensate for power imbalances. In view of the outcomes of the common control
methods analyzed above, we propose a coordinated emergency frequency control scheme
in this paper to combine the generation and demand sides in the presence of emergencies
and intensive wind fluctuation scenarios. To obtain the theoretically feasible controller and
desirable control effect, the output regulation theory will be applied to design the coordi-
nate frequency control scheme in Section 4, aiming to achieve stable frequency recovery in
the presence of large and intensive power disturbances.

3. Isolated Industrial Microgrid Modeling
3.1. Model and Control of EAL

In the case of the isolated industrial microgrid, the EAL is selected as the controlled
plant for the demand-side control. Modern aluminum smelting production is usually
generated in the electrolytic cell by using the Hall-Héroult Process to produce pure alu-
minum [28]. The high direct current (up to several hundred kiloamperes) is passed through
to the electrolyzer and the aluminum oxide is smelted at high temperatures (over 950 °C).
Then, the pure aluminum is decomposed between the carbon and aluminum electrodes.

The electrical diagram and equivalent circuit of the EAL have been investigated in
detail in [16], which is shown in Figure 3. The EAL production line includes the AC bus,
on-load tap changer (OLTC) transformer, rectification system, DC bus, and electrolyzer. All
of the electrolyzers in a single EAL production line are connected in a series and supplied
by the DC bus voltage Upc. The AC bus voltage U, is regulated and rectified by the OLTC
transformers (kt is the transformer ratio) and rectification system. Ugg is the voltage drop
on saturable reactors, with a normal working value of around 40 V. In [17], the electrolyzer
is represented by a back electromotive force (EMF) E and a constant resistance R.

The Electrical Diagram of EAL

OLTC
Transformer

i Rectification
System

E Rectification

g Transformers

The Equivalent Circuit of EAL

OLTC Saturable

neman B

Saturable
Reactors

reciners (1191 9] () ) [0

DC Bus

il

N

Back EMF Load Resistance

Figure 3. The electrical diagram and equivalent circuit of the EAL.
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The DC current Ipc in the electrolyzer is calculated as [17]

_ Upc—E _ 135(Usc/ky — Usg) — E

Ipc = 1
DC R R 1)
Thus, the active power consumption of the EAL Pr4; is calculated as

Pear, = Upclpc = (IpcR+ E)Ipc 2)

In actual production, Pr4; can be regulated by the following two methods: (1) reg-
ulating the OLTC transformer ratio k7; (2) changing the voltage drop on the saturable
reactors Ugg. In practice, changing the voltage drop on the saturable reactors is preferable
to regulating the OLTC transformer ratio for the following reasons:

1. Regulating the OLTC transformer ratio kr is realized by changing the transformer tap
changer positions, which takes minutes for one mechanical operation. In addition, the
transformer tap changers are not allowed to be adjusted frequently for prolonging
the life-span. Conversely, changing the voltage drop on saturable reactors Ugg with
the electronic control only takes less than one second, which is much faster than
the mechanical control, demonstrating the great advantages of the rapid response
(millisecond level) in the presence of emergencies and wind power fluctuations.

2. Generally, the transformer tap changers have only five positions (i.e., kt = 1 £ 2 X 2.5%),
indicating the step regulation on the active power control, while regulating the volt-
age drop on saturable reactors presents a much subtler way to achieve continuous
regulation.

In [29], it was proven that Pra; can be regulated from over —0.9 p.u. to 1.05 p.u. of
the load capacity by controlling Usg within its working limits (10-70 V), which means a
considerable regulation capacity in terms of the megawatt-level loads. Thus, it is more
feasible to adjust Ugg to achieve a rapid regulation.

Combining Equations (1) and (2), the relations between the active power deviation of
the EAL APp4; and DC current deviation Alpc voltage drop on saturable reactors AUgg
can be deduced as follows:

APpar = RATA + R(Ipco + E)Alpc (3)

1.83AUZ, + (1.35E — 2.7 Upco) AUsg
R
where Ipcp and Upcy are the initial values of the direct current and DC bus voltage.
Taking an actual EAL of 330 MW in [29] as an example, Ipcy and Upcy are equal to
326.1 kA and 1.012 kV, respectively. E and R are equal to 354.6 V and 2.016 m() based on
the field experiments. Thus, Equations (3) and (4) can be calculated as

APpap, =

(4)

APpap = 0.002016AI3-+1315.6Alpc, APpap = 907AUZ, — 1.118 x 10°AUsg

Obviously, the quadratic terms (A3 and AU3,-) contain a slight proportion of and
present a negligible influence on the value of APg4;. Thus, Equations (3) and (4) can be
further simplified as

APgar =~ KpiAlpe, Kpr = R(Ipco + E) (5)

APga; ~ KpyAlUgg, Kpy= (1.35E — 2.7 Upco) /R (6)

where Kpj and Kpy are the gain coefficients, which are determined by the initial values of
the EALs.

Based on the discussion above, the demand-side control model of the EAL is demon-
strated in Figure 4. The control model includes the transfer functions of the electrolyzer and
the saturable reactor control circuits. The time constants Trs and Tsg are the response time
of the electrolyzer and the saturable reactor control circuits, which can be approximated
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based on the dynamic response of each section. K;, K;, and Kgp are the gain coefficients
in the saturable reactor control circuits. AUgrmax and AUgrmin are the upper and lower
limits for AUgg. The demand-side control model indicates that the active power consump-
tion changes in the EAL APy can be regulated by providing the active power reference
APEaLre- Furthermore, the dynamic response of the demand-side control can be calculated
as Equation (7), as follows:

KpyKsr (Kl' + SKp)

GeaL(s) = 7
( ) SKp[(1+ST55)(1+ST5R) ( )
f ___________ I AZJSRmax
AP, [TTK o | Alpe K |Alocor| K |1 [ AP,
it S T m K
S | sk |, AU,
____________ A(JSRmiu
Electrolyzer Saturable Reactor Control Circuit
I\ ~ J
Gry, (S )

Figure 4. The demand-side control model on the EAL.

3.2. Coordinated Emergency Frequency Control Model of Isolated Industrial Microgrid

In this paper, a coordinated emergency frequency control model is proposed to com-
bine the generation and demand side to balance the active power disturbance in the isolated
industrial microgrid, and, if possible, to recover the frequency deviation Af back to zero.
Considering that the isolated industrial microgrid contains m thermal generators and n
EALs, the block diagram of the coordinated emergency frequency control model is given
as Figure 5. M and D are the equivalent constants of the inertia and load damping in the
isolated industrial microgrid, respectively. APp is the active power disturbances, such as
power imbalances or wind power fluctuations. For the i-th thermal generator and j-th EAL,
the notations are presented in Table 4.

Thermal . .
Generators Governor 5y Gimax Steam Turbine AF, .
1 AXg [ 1 |APy, (145K, T | [ AR,
T+sT, [ 1 |l+sT, 1+sT,, | J
Aligrgs AP, 1 Af
D +sM
AP +
AP EALj max

EALSs EALrefj

GI;'AI./ (S )
AP

EALj min

Active Power Disturbances APD
Figure 5. Coordinated emergency frequency control model of the isolated industrial microgrid.

Based on the block diagram in Figure 5, the state space model of the isolated industrial
microgrid is described as
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Af = —BAf + LAPG — HAPparj + 4 APD
PG = — 7 APGi+ (7 — &) APr; + KEAXq;
APg; = —1-APgi + 78X
AXgi = =2 Af — 7= DXci + 7= APor ®)
Alpcj = —ﬁsjAIDCj + %APEAL@'
Alpceonj = (Kij - ﬁzj Alpcj + W%APEAL@
1

Kpy;Ksgj
Tsrj AIDCcon] - TSRjAPEAL]

APparj =

Since the aim of the proposed coordinated emergency frequency control strategy is to
eliminate the frequency deviation, the output of control system y is given as

y=Af )

Combining Equations (8) and (9), the coordinated emergency frequency control model
can be summarized as

{x—Ax+Bu+Pd (10)

y==Cx

where x, u, y, and d are the variables of the system state, control input, output, and
disturbance, respectively, expressed as in Equation (11). The detailed expressions of the
matrices A, B, C, and P can be deduced according to Equations (8) and (9).

x = [Af, APg;, APg;, AXgi, Alpcj, Mpceonj, APEAL]']TE ROF35)) > 1

) 11
u = [APGre, APEALreﬁ}TGR(Zﬂ) *1,d =APp ()

Therefore, the space state equations of the coordinated frequency control model of
the isolated industrial microgrid are described as Equations (10) and (11). On the basis
of that, the coordinated emergency frequency control strategy aims to increase the rapid
frequency regulation ability and recover the frequency to the normal value when power
disturbances exist.

Table 4. The notations in the coordinated emergency frequency control model.

Notation Meaning
R; droop control coefficient
AXg; valve position deviation
TRi time constant of the reheater
APg; output power deviation of the reheater
Kgi turbine power fraction
APg; output power deviation of the steam turbine
APGinax ! AP Gimin maximal/minimal value of APg;
Tei time constant of the speed governor
Tri time constant of the steam turbine
APy control input of the generator
APpar; active power regulation of the EAL
APEALjmax ! APEALjmin maximal/minimal value of APgy;
APEALrefj control input of the EAL

4. Coordinated Emergency Frequency Control Through Output Regulation
4.1. Output Regulation via Error Feedback

In the presence of a power disturbance APp, the control objective of the coordinated
emergency frequency control strategy is to regulate the active power output of the gen-
erators P; and the power consumption of the EALs Pgyj; to smooth APp. Thus, the
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coordinated frequency control is formulated as an output regulation issue, which can be
described with the following linearization form:

x = Ax + Bu + Pd

d=Sd (12)
e=y—y,=Cx+Qd

The first equation represents the relation between the system state x, control input
u, and external disturbance d. The second equation describes the characteristics of the
exosystem with disturbances. The third equation defines an error variable e by introducing
the output y = Cx and the reference y, = Qd. The detailed block diagram of the closed-loop
control plant in Equation (12) is presented in Figure 6.

Disturbance Signals (described by d = Sd )

d
4 o
) y,=-0d
U gl sy X X c M e
+
A
Coordinated
Emergency Frequency
Controller d

Figure 6. Block diagram of the coordinated emergency frequency control plant.

The coordinated emergency frequency controller aims to achieve error regulation
and to maintain the system’s internal stability. In other words, for the control system in
Equation (12), find the gain matrices K and L, if possible, to design the full-information
feedback controller as

u= Kx + Ld (13)

The feedback controller in Equation (13) is supposed to satisfy the following two
requirements:

(R1) Internal stability. When the disturbance d = 0, the closed-loop control system
x = (A + BK)x is asymptotically stable, which means that all of the eigenvalues of (A + BK)
are on the open left-half plane;

(R2) Error regulation. When the disturbance d # 0, for every initial condition (xo, dp),
the closed-loop control system achieves tli_)ngo e(t) =0.

In order to solve the output regulation issues, the following two assumptions must be
satisfied at first:

(A1) All of the eigenvalues of the matrix S are supposed to be located on the closed
right-half plane;

(A2) The matrices pair (A,B) is stabilizable.

Based on the regulator theory in [30], when the assumptions (A1) and (A2) are satisfied,
the necessary and sufficient condition has been proven to solve the output regulation issues.

Proposition 1. Under (A1) and (A2), the output requlation issues can be solvable by full-
information feedback if and only if there exist matrices II and I', which solve the following regula-
tor equations:

(14)

IS = AIT + BT + P
0=CII+Q
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The gain matrix L can be computed as follows by the matrices IT and I":
L=T—KII (15)
Consequently, the feedback controller in Equation (13) can be designed as
u= Kx + (I —KII)d (16)

Although the feedback controller can be constructed as Equation (16), it may be not
feasible in practice because not all of the state variables x can be obtained as required.
Thus, the feedback controller can be further refined by using only the measurable error
signal e. An observer is constructed to track (x, d) asymptotically based on the following
assumption:

(A3) The matrices pair ({13 IS)] ,[C Q]) is detectable.

Under (A3), the observer in the following equation is constructed to estimate x and d
by using error signal e:

x| ([A P]_ [G ] [Gy B
R R A 1 o
The matrices pair (Gy,Gz) is designed so that all of the eigenvalues of
A P| [G
({ 0 S} - [ Gz] C Q]) are on the open left-half plane.

With the help of the observer in Equation (17), the error feedback controller can be
designed with & = col (&, r?l) and the gain matrices (F, G, H), given as

{E=F£+Ge (18)
u = HE

The gain matrices (F, G, H) can be deduced by replacing (x, d) in Equation (16) with
(%, El) after solving Equation (14), with the following expressions:

P [A—G1C+BK P —G1Q +B(T —KII)

~GyC S—G,Q
G = [Gl} H=[K (I—KII)] )
G2

By using the error signal, the feedback controller in Equation (18) is able to achieve the
control requirements (R1) and (R2). On the basis of that, the control system output y = Cx
can be the controlled to follow the reference y, = Qd via error feedback.

4.2. Implementation of Coordinated Emergency Frequency Control Scheme

The design procedure of the coordinated emergency frequency control scheme based
on the output regulation is presented as follows:

1. Model the control plant. At time ty, the state variables x, disturbance d, and frequency de-
viation Af in the isolated industrial microgrid are collected via the wide area measure-
ment system (WAMS) [31]. The coordinated frequency control model that considers
the generation and demand-side participation is constructed as in Equations (8)—(10).

2. Check the assumptions (A1)—-(A3). Since the collected active power disturbance APp
changes with the step signal at each sampling time, the value of APp is assumed as

constant. Then, d = APp satisfies d = Sd = 0, which means that the exosystem
is Poisson stable and the assumption (A1) holds in this work. (A2) and (A3) can be
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checked by using the Popov—Belevitch-Hautus (PBH) test, with the rank conditions
presented as
Rank([AMla —A B]) =ng4
Lioe — A P
Rank( #iaps [O S] ) = naps
c @

(20)

. . A -
where A and y are the eigenvalues of the matrices A and [ sitting on the closed

o 9
right-half plane. I4 and Isps are the identity matrices, and n4 and napg are the
dimensions, respectively.

3. Select gain matrices. Once the assumptions (A1)—(A3) hold, find a gain matrix K, such
that all of the eigenvalues of A + BK are located on the left-half plane. A linear
quadratic (LQ) method is applied in this work to obtain a reasonable gain matrix K,
achieving the control objectives with a satisfactory performance by the controllers.
The cost function for the LQ method is given as follows:

o= [ (v Quy +u"Rygu) 1)

The selection of the weighting matrices Q;, and Rj; means a trade-off between the
eliminating error (the frequency deviation Af in this case) and optimizing the control
performance on the thermal generators/EALs. Thus, the power system inertia and
flexibility in designing the coordinated control scheme is judged and weighted by
solving following equations and computing the gain matrix K:

APy + P A - P,qBR,—qlBTP,,, +C'Q,C =0 (22)

K= —Rl_qlBTqu (23)

4.  Similarly, it is also supposed that the gain matrix G satisfies that all of the eigenvalues
of < [13 IS)] — {gl} C Q]) are on the open left-half plane. In this paper, the pole

2
assignment based on the interval linear matrix inequality method is applied to select
the gain matrices K and G.

5. Construct the coordinated frequency controller. The regulator issues in Equation (14)
are solved and the solutions of matrices IT and I' are found. Then, the observer is
constructed as in Equation (17), and the error feedback controller in Equation (18) can
be designed by the matrices (F, G, H).

6.  Give the control orders. Once the error feedback controller is constructed, the control

input u = [APgrefi, APEALref;] Tis optimized at time t;. Then, the optimal values of
APgresi and APEapyf are transmitted to the control units of the thermal generators and
EALs. Thus, the active power of the generation and demand sides are regulated to
eliminate the frequency deviation in the isolated industrial microgrid.

7. Repeat the above steps or finish. Once the control objective is achieved, i.e., the frequency
recovers to the normal value with the help of the proposed controller, the coordinated
frequency control scheme is finished. Otherwise, repeat the above steps at the next
time t5, 4.

In summary, once the proposed frequency control scheme is activated, the state
variables x, disturbance d, and frequency deviation Af in the isolated industrial microgrid
are measured by the WAMS. Then, the coordinated frequency control model in Equation (10)
is constructed as the foundation. After checking assumptions, selecting gain matrices,
and solving regulator equations, the error feedback controller is designed by using the

output regulation theory. Then, the optimized control inputs u = [APGreﬁ-, APEAL,eﬁ] T are
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obtained and given as the regulation commands to thermal generators and EALSs, so that the
output y = Af can be eliminated by compensating for the power disturbance d caused by
emergencies or wind power fluctuations. Based on that, the emergency frequency control
problem is solved by applying the output regulation approach.

The effectiveness of the proposed frequency control scheme will be validated via time
domain simulation in the next section.

5. Simulation Results

To validate the performance of the proposed coordinated frequency controller based
on the output regulation approach, the isolated industrial microgrid presented in Figure 1
is taken as the study case, which is conducted on the real-time digital simulation (RTDS)
platform and in MATLAB. The RTDS was developed for the electromagnetic transient
simulation of power systems based on the real-time hardware computation platform. The
synchronous generator model in the RTDS platform was applied for the simulation of
thermal generators in the industrial microgrid. An aggregated model of a 2-MW doubly
fed induction generator (DFIG) was used to represent wind farms based on the modeling
method presented in [32]. The EALs were conducted, as in Figure 4, with the controllable
load function in the RTDS platform.

When the coordinated frequency control strategy is activated, the state variables x,
disturbance d, and error e of the industrial microgrid are collected and then transmitted
to MATLAB during each time step. Thus, the error feedback controller in Equation (18) is
calculated in MATLAB based on the procedures provided in Section 4.2, and the control
input u is fed into the RTDS platform. Consequently, the thermal generator and EAL
models will carry out the frequency control scheme as the optimized control input u, which
means that the output power of the thermal generators and EALs will be regulated to
achieve error tracking. The whole simulation process between the RTDS platform and
MATLAB, shown in Figure 7, will repeat in the next time step.

MATLAB RTDS Platform

PP o State variables x
‘ ] | Disturbance d

Error e

iy

u=[K (rfkn)]ﬂ

AG,C+BK P-G,Q+B(I'-KiT)|[ % Je,
G,C 5-G0 il'le )
Control inputs u

Designing error feedback controller

on MATLAB Modeling isolated industrial microgrid on RTDS platform

Figure 7. The simulation process between the RTDS platform and MATLAB.

The installed capacity of the generators and the power demand of the EALs are
listed in Tables 1 and 2. In this section, we consider two cases, i.e., the “N-1"” and wind
power fluctuation scenarios, to verify the effectiveness and robustness of the coordinated
frequency control scheme. To further prove the improved performance of the proposed
control scheme, PI control methods are also conducted as a comparison.

5.1. “N-1" Scenario

In this case, the selected typical working situation of the industrial microgrid is listed
in Table 3. The wind power fluctuates within a slight range of less than 1% of the installed
wind farm capacity, which can be covered by the ESSs equipped in the wind farms. As
mentioned in Section 2, the isolated industrial microgrid operation is supposed to meet the
“N-1” principle. Therefore, we considered a more severe situation than in Section 2 (where
G5 is out of service) so to verify the performance of the proposed coordinated frequency
control scheme. In this case, the thermal generator G7 is tripped off due to a short-circuit
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fault at t = 2 s, leading to an active imbalance of 191.5 MW. The control strategies applied
in this case are presented in Table 5.

Table 5. The control schemes in “N-1" scenarios.

Control Strategy Method
Strategy A Only primary frequency control on the rest of the thermal generators
Strategy B Load-shedding strategy on EAL1
Strategy C PI control methods on the generators and EALs
Strategy D Proposed coordinated frequency control

In Strategy A, the power disturbance of 191.5 MW is only compensated by the primary
frequency reserve of 72.5 MW from the rest of the thermal generators. With the traditional
load-shedding strategy, the EAL1 of 330 MW is shed as a whole part in Strategy B, as
mentioned in Section 2. The PI-based control strategy is designed by using the frequency
deviation Af for the thermal generators and EALs. The signal of Af is collected and
given as the input of the PI controllers. Then, the active power regulation of the thermal
generators and EALSs, APge and APpapf, can be calculated as follows:

APGrefi(s) = (KGPi + K?”)Af (s)

Kif (24)
APpaLrefi(s) = (KLP]' + T])Af (s)
where Kgp; and Kgj;, and K p; and Ky j;, are the gain coefficients of the PI controllers for the
thermal generators and EALs, with the setting methods introduced in [33,34].

The simulation results are demonstrated in Figure 8. When the thermal generator G7
is out of service, the primary frequency reserve capacity from the rest of the generators is
apparently insufficient for the active power imbalance, leading to the frequency collapse of
the industrial microgrid within 30 s, as shown in Figure 8a. The total power deviations of
the thermal generators and EALs are demonstrated in Figures 8b and 8c, respectively.
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Figure 8. Simulation results of applying different control strategies in the “N-1" scenario, where G7
is tripped off. (a) The frequency response; (b) The total power deviation of the generators; (c) The
total power deviation of the EALs.

Due to the large installed capacity of single aluminum production lines, the shedding
of EAL1 of 330 MW is much higher than the active power disturbance. As a result, the
frequency with Strategy B rises to over 50.5 Hz, which is not allowed for the industrial
microgrid operation. When the PI control method is used on the generators and EALs,
the industrial microgrid frequency decreases to 48.5 Hz at t = 4 s. Although the active
power balance is able to be compensated by the generation and demand sides to a certain
extent, the power reserve distribution among the generators and EALs is ambiguous
because it lacks coordination with the PI controllers. Therefore, the PI control strategy
presents an unsatisfactory robustness when reflecting on the frequency fluctuation within a
certain range.

When the coordinated frequency control scheme is applied in Strategy D, the frequency
response, such as the ROCOF and nadir, are obviously improved when compared to
Strategies B and C. In addition, the frequency response presents a much stabler way to
recover the normal working value. As discussed in Section 3, the EALs can be regulated
from over —0.9 p.u. to 1.05 p.u. of the installed capacity. By virtue of the fast response, the
EALs provide a reserve capacity of about 130 MW after G7 is out of service, preventing
the further decrease in the frequency. The thermal generators provide a power reserve of
about 90 MW in total. Then, under the coordination between the generators and EALs, the
microgrid frequency recovers to 50 Hz within 20 s. Therefore, the proposed coordinated
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frequency control strategy is effective in restoring the frequency to a normal value when
emergencies occur, which is significant for guaranteeing the frequency stability of the
isolated industrial microgrid.

5.2. Wind Power Fluctuation Scenario

As presented in Table 3, the installed capacity of the wind power is about 30% of
the total generation capacity in the industrial microgrid. Therefore, the influence of wind
power fluctuation on the microgrid frequency control is studied. Normally, wind farms
are equipped with ESSs; however, here, we consider a severe scenario with an extreme
short-term wind power fluctuation without any assistance from the ESS.

Total wind power fluctuation in a period of 600 s is demonstrated in Figure 9, and the
maximum deviation of the total wind power reaches about 180 MW. Due to the intermit-
tency and variability of the wind power, the industrial microgrid frequency fluctuates as
well, which is unsatisfactory for the frequency stability.

130 T
100 ]

N
]

Total Deviation of
Wind Power (MW)
U
[e) [

—-100

—150 w ! ! ‘
0 100 200 300 400 500 600
Time (s)

Figure 9. The total wind power fluctuation in a period of 600 s.

The control strategies applied in this case are presented in Table 5. Figure 10 illustrates
the simulation results of the frequency response of different control strategies. With the
primary frequency control of the generators, the frequency deviation caused by the wind
power fluctuation changes from over —0.5 Hz to 0.3 Hz, which is not safe for the operation
of the industrial microgrid. With the help of the PI control strategy, the wind power
fluctuation can be partly compensated by the thermal generators and EALs. As a result,
the frequency deviation is able to be restricted to £0.3 Hz, which presents a positive effect
of dealing with a power imbalance.
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Figure 10. The frequency response with different control strategies.
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Compared with the PI control method, the coordinated frequency control strategy
shows a better performance in smoothing the intensive wind power fluctuation. Conse-
quently, the frequency fluctuates within +0.1 Hz by virtue of the rapid response of the
EALs. The power deviation of the generators and EALs are demonstrated in Figure 11.
The power deviation of the EALs reach to about 160 MW, while the thermal generators
provide a power reserve of less than 30 MW for the wind power fluctuation, revealing that
the wind power fluctuation is mainly compensated by the EALs instead of the generators.
The proposed coordinated control scheme presents a satisfactory robustness against the
wind power fluctuation, guaranteeing a stable frequency for the industrial microgrid.
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Figure 11. The power deviation of the generators and EALs with the coordinated frequency con-
trol strategy.

6. Discussion and Conclusions

This paper studied emergency frequency control issues in an actual isolated aluminum
production industrial microgrid with a high proportion of wind power. As a type of high-
energy-consuming industrial load, the EAL shows great potential for power regulation due
to the fast response and huge capacity, which is able to participate in the frequency control
of the industrial microgrid. The regulation method and control model of the EAL have
been investigated in this work. On the basis of that, a coordinated frequency control model
which combines the thermal generators and EALs was developed to deal with emergency
scenarios in the microgrid. The coordinated frequency control issue was formulated as an
output regulation problem. With the help of the output regulation theory, the error feedback
controller for the isolated industrial microgrid was designed to regulate the output power
of the generators and EALs, achieving coordinated frequency control when a large power
disturbance occurs.

Compared with the traditional PI controller, the main advantages of the error feedback
controller include the tracking of the power disturbance d and the achievement of steady
error regulation ( }Lrg e(t) = 0). As a type of model-based controller, the error feedback con-

troller guarantees more desirable control effects in terms of frequency recovery. However,
the limitations of the proposed approach in practical applications are also obvious, which
mainly focus on the time-delay issues of the WAMS. The communication and operational
delays might present a negative impact on the control effects. In practical applications,
the evaluation model of the communication delay was applied so to decrease the negative
effects. The operational delay also needs to be measured and analyzed in the process of
designing the error feedback controller.

The simulation results conducted on the actual industrial microgrid have illustrated
the following conclusions:

1. The proposed coordinated frequency control strategy is able to realize frequency
recovery to normal values in a short amount of time in the presence of a large power
imbalance.
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2. Compared with the PI control method, the proposed frequency control method based
on the output regulation approach presents better effectiveness in frequency recovery
and robustness against the wind power fluctuations.

3. The EALs present a much faster response than the thermal generators in smoothing
wind power fluctuations, which is applicable to improving the frequency stability in
extreme emergency scenarios.

In summary, by developing the regulation potential of EALs, the proposed coordi-
nated frequency control scheme based on output regulation theory presents satisfactory
effectiveness and robustness in dealing with power disturbances caused by emergencies
and wind power fluctuations, which significantly improves the frequency reliability and
stability in industrial microgrids.

The working constraints on thermal generators and EALs, such as the regulating ratio
and production limitations, may influence the practical control effect of the coordinated
frequency control scheme based on the output regulation approach. Future studies will
focus on the further optimization of the regulation between the generators and EALs so
to achieve lower control costs. In addition, time-delay issues will be considered for the
practical applications of the proposed frequency control scheme so to achieve the more
accurate online computation of the power reserve distribution.
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