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Abstract—Flexible reserve capacity support is im-

portant for mitigating active power imbalance issues in 

asynchronous power systems. Electrolytic aluminum 

loads (EALs), owing to their large capacity and rapid 

response, are used as regulation resources in this study. 

Combining EALs with renewable energy generation units 

allows the sending power system to provide active power 

support to the receiving power system when a large power 

disturbance occurs. An active power support control 

strategy is proposed for a voltage source converter based 

high voltage direct current (VSC-HVDC) asynchronous 

power system. The active power control method of the 

EAL is analyzed as the foundation, and the load fre-

quency control models of the sending and receiving sys-

tems are presented to promote the proposed control 

strategy. Active power controllers based on model pre-

dictive control (MPC) theory are designed to manage 

power system uncertainties and external disturbances. 

The proposed active power support control strategy is 

realized by optimizing the regulation resources in the 

sending power system while maintaining a stable fre-

quency when the reserve capacity of the receiving system 

is insufficient. An actual industrial power grid with re-

newable energy is selected as the sending system and 

simulations are performed to verify the effectiveness of 

the proposed active power support control strategy and 

MPC-based controllers. 

Index Terms—Active power support, asynchronous 

power system, demand response, electrolytic aluminum 

load, model predictive control, renewable energy. 
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Ⅰ.   INTRODUCTION 

he installation of renewable energy in China has 

progressed rapidly in recent years since the proposal 

of “carbon peak and carbon neutralization” targets as a 

major strategic decision in 2020 [1]. However, load 

centers and renewable energy sources in China are often 

located thousands of kilometers apart. For instance, the 

Yunnan province (southwestern region of China) has 

abundant renewable energy, with hydropower units ac-

counting for 74% of the total installed capacity (79 GW) 

in 2023 [2]. To further optimize the utilization of the 

power supply and improve the stability of the overall 

power system, the China Southern Power Grid (CSG) 

has promoted voltage source converter based high 

voltage direct current (VSC-HVDC) asynchronous 

interconnection projects between the Yunnan power 

grid and the remainder of the CSG [3]. Owing to their 

rapid control response in power flow regulation, 

VSC-HVDC systems can provide additional security 

support for various emergencies [4]. 

Maintaining sufficient frequency reserves for HVDC 

transmission systems is an important research topic. In 

principle, frequency support regulation methods for 

asynchronous power systems are primarily related to the 

control strategies of the converters of the receiving 

power support (RPS) and sending power support (SPS) 

systems. For an RPS power system, accurate absorption 

of unbalanced active power by the VSC-HVDC is key 

for the RPS converter [5]. Conventional control methods 

for RPS systems are primarily characterized by: 1) The 

control reference of the converter is modified using the 

DC voltage or active-power droop control after intro-

ducing an additional signal [6], [7]; and 2) The converter 

presents the inertia characteristics of synchronous gen-

erators using inertia emulation control [8] or virtual 

synchronous generator (VSG) control [9], [10]. In an 

SPS power system, the key issue of the SPS converter is 

to flexibly provide unbalanced active power absorbed by 

the RPS system. DC voltage droop control methods are 

primarily applied to SPS converters to realize active 

power sharing in HVDC systems [11], [12]. Various 

HVDC controllers have been developed to promote 
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frequency support based on the general idea of regulat-

ing the active power reference setting by introducing a 

feedback loop. A frequency limit control strategy is 

proposed on the SPS side of asynchronous interconnec-

tion power systems to suppress transient frequency de-

viation based on practical system testing [13]. Reference 

[14] designs an adaptive droop controller with a mul-

titerminal HVDC system to improve frequency regula-

tion among asynchronous AC grids, while a frequency 

droop control strategy that considers a global reference 

signal is investigated in [15] to provide primary fre-

quency support to an asynchronous HVDC system. 

Existing studies regarding frequency support for 

HVDC asynchronous power systems with renewable 

energy focus primarily on the design of converter con-

trol strategies. However, as the proportion of renewable 

energy generation increases, the regulation challenges 

of SPS power systems will become even more severe, 

e.g., the reserve capacity may be insufficient for man-

aging disturbances [16]. A feasible option for increasing 

the regulating flexibility of asynchronous power sys-

tems is to develop regulation potential on the demand 

side. As a type of energy-intensive industrial load, 

electrolytic aluminum enterprises in China are gradually 

transitioning to southwestern areas with abundant hy-

dropower/wind power (such as the Yunnan province) 

owing to the electricity price advantage. The rapid re-

sponse and high capacity of electrolytic aluminum loads 

(EALs) have been investigated extensively [17], [18], 

whereas using EALs for smoothing wind power fluctu-

ations has also been investigated [19], [20]. Owing to 

the asynchronous interconnection between the Yunnan 

power grid and CSG, the industrial power grid with 

EALs in the Yunnan power grid, as a type of regulation 

resources in SPS systems, exhibits significant potential 

in providing active power support to CSG which has 

insufficient regulation capacity.  

For additional local control strategies, such as droop 

control and VSG control, the time delay and error 

caused by the control process may inevitably deteriorate 

the control performance. However, for asynchronous 

interconnection power systems with multiple regulation 

resources, the conventional control strategies cannot 

effectively manage the system constraints. However, 

the model predictive control (MPC) method presents 

significant advantages in addressing external disturb-

ances and system constraint issues, and has been widely 

used in power system frequency control [21][23]. To 

overcome the disadvantages of droop control, several 

MPC-based optimization methods have been proposed 

to promote frequency support and minimize power 

losses in asynchronous systems [24] [26]. The control 
input variables can be further optimized within each 

sampling period, thereby weakening the error effect. 

Considering the insufficient reserve capacity issues in 

new asynchronous interconnection power systems with 

a high proportion of renewable energy, this study con-

siders EALs as a type of regulation resource to achieve 

steady active power support. Owing to its excellent 

performance in managing system disturbances, the 

MPC method is adopted in this study to design active 

power controllers (APCs) to coordinate various regula-

tion resources in SPS and RPS power systems under 

large power imbalance. The main contributions of this 

study are summarized as follows. 

1) An active power support control architecture for a 

typical two-terminal VSC-HVDC asynchronous power 

system is proposed to analyze the frequency control 

models of sending and receiving power systems. 

2) An industrial power grid with multiple regulatory 

resources is selected as the SPS power system. Com-

bining the regulation potentials of EALs, a coordinated 

frequency control model of an asynchronous power 

system is proposed to analyze the active power support 

controllability while considering the characteristics of 

the SPS and RPS systems.  

3) An MPC-based active power support control 

strategy is proposed based on the design of APCs for the 

SPS and RPS systems, which guarantees the maintenance 

of steady active power support from the SPS system and 

a stable frequency in the RPS system when a large 

power imbalance occurs. 

The remainder of this paper is organized as follows. 

Section Ⅱ introduces the load characteristics and control 

model of the electrolytic aluminum. The active power 

support control architecture of the VSC-HVDC asyn-

chronous power system is presented in Section Ⅲ, along 

with the frequency control models of the SPS (including 

hydro generators, wind power, and EALs) and RPS 

power systems. Section Ⅳ introduces the MPC-based 

active power support control strategy and its design 

procedure. Simulation results conducted on an actual 

industrial power grid are presented in Section Ⅴ. Finally, 

the conclusions are presented in Section Ⅵ.  

Ⅱ.   LOAD CHARACTERISTIC AND CONTROL MODEL OF 

ELECTROLYTIC ALUMINUM  

A. EAL Characteristic 

Electrolytic aluminum is generally produced in elec-

trolytic cells via the Hall-Héroult process, where alu-

minum is decomposed from molten cryolite electrolyte 

by passing a high direct current (several hundred ki-

loamperes) into the electrolyzer to generate heat at 

950970 ℃ [27]. As a type of energy-intensive indus-

trial load, EALs have significant regulatory potential 

owing to their large power capacity (hundreds of 

megawatts) and high integration. Additionally, the 

electrolyzer can retain heat for several hours without a 

power supply, indicating that EALs have heat-storage 

characteristics for short-term active power regulation. 
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The electrical and equivalent circuits of an EAL are 
shown in Fig. 1. In an electrolytic production line, 
power is supplied from an AC bus and transmitted to the 
low voltage side of an on-load tap-changer (OLTC) 
transformer. After passing through the rectification 
system (including rectification transformers, saturable 
reactors, and 12 full-bridge rectifiers), a high direct 
current converges into the DC bus, and the DC voltage 

DCU  drives the electrolysis process. All the electrolytic 

cells are connected in series, which can be represented 
by a back electromotive force (EMF) E  and resistance 

.R  In general, E and R  are constant for each produc-
tion line. For an actual 330 MW production line, as 
presented in [28], E and R are equal to 354.6 V and 
2.016 mΩ , respectively, based on experimental results. 

 
Fig. 1.  Electrical diagram and equivalent circuit of EAL. 

In Fig. 1, ACU  and Tk  are the AC bus voltage and the 

ratio of the OLTC transformer, respectively; SRU  is the 

equivalent voltage drop in the saturable reactors, whose 
typical values are within 2040 V and the maximum 
value allowed is 70 V. The quantitative relation of the 

voltages between the AC bus ACU  and DC bus DCU  is 

given as [17]:  

AC

DC SR

T

1.35
U

U U
k

 
  

 
                       (1) 

Therefore, the operating direct current in the elec-

trolyzer DCI  can be expressed as: 

 AC T SRDC

DC

1.35 U k U EU E
I

R R

 
        (2) 

The active power consumption of the EAL, EALP , can 

be calculated as follows: 

EAL DC DC DC DC( )P U I I R E I               (3) 

Equation (3) indicates that EALP  is related to the op-

erating direct current DCI . Based on (2), EALP  can be 

regulated by adjusting the tap changer of the OLTC 

transformers (i.e., the value of Tk ) or by controlling the 

inductance value SRL  of the saturable reactors to change 

the voltage drop SRU [29]. Compared with the me-

chanical control on the OLTC transformers, the elec-
tronic control on the saturable reactors offers ad-
vantages of rapid response (milliseconds class) and 
continuous regulation, thus rendering it more applicable 
to the rapid active power regulation in EALs.  

B. Control Model of EAL 

Combining (1)(3), once the voltage drops on the 

saturable reactors are regulated as SRU , the active 

power deviation of the EAL, EALP , can be further 

deduced as follows: 
2

EAL DC DC0 DC(2 )P R I R I E I               (4) 

2

SR DC0 SR

EAL

1.83 (1.35 2.7 )U E U U
P

R

   
    (5) 

where DC0I  and DC0U  are the initial values of direct 

current; DCI  and SRU  are the direct current deviation 

and saturable reactors voltage drops. 

Equations (4) and (5) indicate the relationship be-

tween EALP  and DCI , SRU , respectively. Taking 

the actual 330 MW EAL in [28] as an example, DC0I  

and DC0U  are equal to 326.1 kA and 1.012 kV, respec-

tively. Hence, EALP  can be calculated as follows: 

2

EAL DC DC

2 6

EAL SR SR

0.002016 1315.6

907 1.118 10

P I I

P U U

    

     

          (6) 

Owing to the negligible influence from the quadratic 

terms ( 2

DCI  and 2

SRU ), the expressions for EALP  can 

be simplified to linear forms as follows: 

EAL DC0 DC P-I DC

DC0

EAL SR P-U SR

(2 )

1.35 2.7

P R I E I K I

E U
P U K U

R

     



    


    (7) 
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where P-IK  and P-UK  are the gain coefficients between 

EALP  and DCI , SRU , respectively. 

Figure 2 illustrates an active power control model of 
the EAL based on actual production, which includes the 
transfer functions of the electrolyzer and saturable re-

actor control circuit. 
EST  and 

SRT  are the time constants 

of the electrolyzer and saturable reactor, respectively; 

iK  and 
pK  are the coefficients of the PI controller in 

the saturable reactor control circuit; DCconI  represents 

the control current deviation of the saturable reactor; 

SRK  is the control coefficient of the saturable reactor; 

while SRmaxU  and SRminU  are the upper and lower 

limits of the voltage drop SRU , respectively. Thus, the 

active power of the EAL can be regulated by adjusting 

the active power reference EALrefP  The active power 

response can be written as shown in (8). The active 
power control model of the EAL can be expressed in the 
form of differential and state-space equations, as shown 
in (9) and (10), which serve as the basis for active power 
support control in the next section.  

 
Fig. 2.  Active power control model of EAL. 

P-U SR i p

EAL

P-I ES SR

( )
( )

(1 )(1 )

K K K sK
G s

K s sT sT




 
             (8) 

DC DC EALref

ES ES P-I

p P
DCcon i DC EALref

ES ES P-I

P-U SR

EAL DCcon EAL

SR SR

1 1

1

I I P
T T K

K K
I K I P

T T K

K K
P I P

T T


     


 
       

 

    


    (9) 

x = A x + B uEAL EAL EAL EAL EAL                (10) 

where 
EALx  and 

EALu  are the state and control input 

variables, respectively; meanwhile, 
EAL

A  and 
EAL

B  are 

the state and control matrices, respectively, expressed 

as:  
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       (11) 

The effectiveness of load control on the EAL is pre-

sented in Appendix A. 

Ⅲ.   ACTIVE POWER SUPPORT CONTROL IN 

TWO-TERMINAL VSC-HVDC ASYNCHRONOUS POWER 

SYSTEM 

A. Frequency Control Model of SPS and RPS Systems 

As mentioned in Section I, owing to the electricity 

price and policy advantages, electrolytic aluminum 

production in China is gradually transferred to the 

Yunnan Province, which has abundant renewable en-

ergy sources such as hydropower and wind power. Ad-

ditionally, the local grid transmits power to the CSG via 

the VSC-HVDC system and operates in an asynchro-

nous mode. Considering the load characteristics and 

control model, this paper proposes an active power 

support control strategy for emergency situations in a 

typical two-terminal VSC-HVDC asynchronous power 

system, as shown in Fig. 3. 

 
Fig. 3.  Active power support control architecture in classical two-terminal VSC-HVDC asynchronous power system. 
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The active power support control architecture com-

prises SPS and RPS power systems and a VSC-HVDC 

transmission system. An industrial regional power sys-

tem in Yunnan, which includes hydro generators, wind 

farms, regular loads, and EALs are selected as the SPS 

system. An RPS comprises the conventional thermal 

power generators and regular loads. The regulation 

resources in SPS (hydro generators and EALs) and RPS 

(thermal generators) systems are controlled by 

MPC-based APCs. VSC1 and VSC2 are the voltage 

source converters in the HVDC transmission system. 

The control process for the active power support control 

architecture is presented in the next subsection. 

The load frequency control (LFC) model of the SPS 

and RPS systems is shown in Fig. 4, while the notations 

used in the LFC model are listed in Table I. 

 

Fig. 4.  The LFC model of SPS and RPS power systems. 

TABLE Ⅰ 

MEANING OF THE NOTATIONS USED IN LFC MODEL 

Notations Meaning 

s1/ iR , r1/ kR  
Frequency-response coefficients of hydro and 

thermal generators 

sM , rM  Inertia coefficients of SPS and RPS systems 

sD , rD  Damp coefficients of SPS and RPS systems 

GsiT , GrkT  Time constants of hydro and thermal governors 

si  Guide vane opening of hydro generators 

wsiT  Flow time constant of hydro generators 

GrkX  Valve-position deviation of thermal governor 

TkT , RrkT  Time constants of steam turbine and reheater 

RrkK  Fraction of power generated by high-pressure unit 

sf , rf  Frequency deviations of SPS and RPS systems 

Based on the LFC model, the active power balance 

equations in the SPS and RPS systems can be expressed 

as follows:  

sps Gs EAL w vsc1

1 1

m n

i j

i j

P P P P P
 

 
         

 
        (12) 

rps Gr vsc2 D

1

l

k

k

P P P P


                        (13) 

where spsP  and rpsP  are the power deviations in the 

SPS and RPS systems, respectively; Gs Gri kP P  and 

EALjP are the power deviations of hydro/thermal genera-

tors and aluminum loads; wP  is the wind power fluc-

tuation in the SPS system; 
DP  is the power disturb-

ance in the RPS system; vsc1P  and vsc2P  are the in-
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jection power changes of VSC1 and VSC2, respectively, 
which can be regulated by adjusting the power trans-

mission value of VSC2, vsc2

setP . 

When a power disturbance 
DP  occurs in an RPS 

system, the active power support control strategy aims 
to recover the frequency to the nominal value. Owing to 
the sufficient regulation resources (hydro generators 
and EALs) in the SPS system, the active power support 
can be transmitted to the HVDC system by optimizing 

the power deviations 
spsP  and 

rpsP . Considering the 

wind power fluctuations 
wP  in the SPS system, a 

steady active power support should be maintained.  
Thus, the active power and frequency deviations are 

selected as the area control error (ACE) signals in the 

respective SPS and RPS systems, written as: 

s sps

r r

e P

e f

 


 
                               (14) 

Based on the LFC models shown in Fig. 4, the fre-

quency control model of the SPS and RPS systems can 

be expressed as follows (the derivation process is pre-

sented in Appendix B): 

s s s s s s s

s s s s s





x = A x + B u + P d

y = C x + H d
                     (15) 

r r r r r r r

r r r





x = A x + B u + P d

y = C x
                     (16) 

where 
sx  and 

rx  are the state variables; 
su  and 

ru  are 

the control inputs; while 
sy  and 

ry  are the outputs; 

meanwhile, 
sd  and 

rd  are the disturbances of the SPS 

and RPS power systems, respectively, expressed as: 

 

 

   

   

T 1 2 3 1

s s Gs DC DCcon EAL

T 1

s Gs-ref EALref

s s sps

s w vsc1

T 1 3 1

r r Gr Rr Gr

T 1 1

r Gr-ref vsc2

r r

r D

, , , , ,

,

, , ,

,

i j

i i j j j

i j

i j

k

k k k

k

k

f

e P

P P

f

P

f

P

  

 

 

 

          
      

 
  

      


   
 


 

x P μ I I P R

u P P R

y

d

x P P X R

u P R

y

d

                                                                                      (17) 

The expressions of matrices 
sA , 

rA , 
sB , 

rB , 
sC , 

rC , 

sP , rP , and sH  in control models (15) and (16) are 

presented in Appendix B. 

B. Active Power Support Control Process 

To achieve active power support control, the APCs 

based on the MPC method are adopted in the SPS and 

RPS systems to coordinate the regulation resources on 

the generation and demand sides, as shown in Figs. 3 

and 4. The control process of the active power control 

architecture is presented below. 

1) Obtain State Variables and ACE Signals  

Using the wide-area measurement system (WAMS) 

[30], the state variables 
sx , 

rx  and the ACE signals 
se , 

re  in the SPS and RPS systems are obtained by the 

MPC-based APCs. Remote variables and signals can be 

measured using phasor measurement units and then 

delivered to MPC-based APCs via rapid communication 

channels. 

2) Implement Control Strategy 

The control objective of the APCs is to minimize the 

ACE signals. To determine the severity of the disturb-

ances in the RPS system, the threshold of the ACE 

signal 
tholde  is first defined to decide whether to activate 

the active power control strategy. When an active power 

disturbance 
DP  occurs in the RPS system, the ob-

tained ACE signal 
re  is compared with the threshold 

tholde .  

1) When 
re  is within the threshold 

tholde , the trans-

mission value of the VSC-HVDC system vsc2

setP  is 

maintained at the initial value vsc2

set,0P , which implies that 

vsc2

setP  equals 
vsc2

set,0P . Thus, the proposed active power sup-

port control strategy is not triggered. Instead, a conven-
tional control strategy, such as automatic generation con-
trol, is applied in the RPS system to balance the power 
disturbances. 

2) Conversely, when 
re  is higher than 

tholde , the APC 

in the RPS power system (APC-R) computes the power 

regulation value vsc2

setP  for VSC2. Consequently, VSC2 

regulates its power transmission value vsc2

setP  

( vsc2 vsc2 vsc2

set set,0 setP P P   ) and transmits it to the APC in the 

SPS power system (APC-S) as the feedforward signal of 
the implemented power support control strategy. 

3) Optimize Regulation Resources 
After implementing the control strategy, the 

MPC-based APCs optimize the control input variables, 

such as 
Gs-refiP , EALrefjP , and 

Gr-refkP  (assuming m 

hydro generators, n EALs, and l thermal generators). 
The detailed design process of the MPC controllers in 
the SPS and RPS systems is presented in Section IV. 
The control input variables are specified to the control 
units of the regulation resources (hydro generators, 
EALs, and thermal generators) via the WAMS control 
station and the network control units (NCUs). Thus, the 
power deviations in the respective SPS and RPS sys-

tems, i.e., spsP  and rpsP , are regulated to realize the 

active power support based on (12) and (13). When the 

ACE signal re  is lower than the required value reqe , the 

active power support control strategy is completed. 

The flowchart of the proposed active power support 

control strategy is shown in Fig. 5. 
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Fig. 5.  Flowchart of active power support control strategy. 

Ⅳ.   MPC-BASED ACTIVE POWER SUPPORT CONTROL 

STRATEGY FOR ASYNCHRONOUS POWER SYSTEMS 

As mentioned in Section III, the purpose of the active 

power support control strategy is to adjust the trans-

mission power in the VSC-HVDC system and coordi-

nate the regulation resources (generation and demand 

sides) in the asynchronous power systems when a large 

active power imbalance occurs. Because time-varying 

wind power fluctuates, the active power support from 

the SPS system is assumed to be stable. In this case, the 

proposed active power support control strategy is real-

ized by designing APCs in the SPS and RPS power 

systems based on the MPC method presented in [22].  

A. MPC-based APCs in SPS and RPS Systems 

The proposed controllers are designed for large active 

power disturbance scenarios occurring in RPS systems. 

Thus, the MPC-based APC-R is first analyzed. Because 

the MPC method is applied to a discrete system, the 

frequency control model of the RPS in (16) must be 

discretized as follows: 
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where matrices rdA , rdB , 
rdC , and rdP  are expressed as: 
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where 
s-rT  is the sampling period in the RPS system. 

The control objective of the APC-R is to eliminate the 

ACE signal in the RPS system 
re  (e.g., recover the 

frequency to the normal range) by optimizing the 

thermal-generator output 
Gr-refkP  and injection power 

change on VSC2, 
vsc2P . Considering the limits and rate 

of the generator output and VSC regulation, the reced-

ing-horizon optimization model of the APC-R in the 

RPS system is expressed as follows: 
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where prN  and 
urN  are the predictive and control time 

domains, respectively; r r( )KU  is the optimal control 

sequence at time 
r ,K which is defined as r r( )K U  

 
T

r r r r ur( ), , ( 1)K K N  u u ; 
rQ  and 

rR  are the weight 

coefficient matrices for the cost function r r r( ( ),J KU  

r r( ));Kx  r r r r( | )K i Kx  and r r r r( | )K i Ku  are the 

predictive state and control input within 
prN  and 

urN  at 

time r r( )K i , respectively.  

During each control step, the APC-R obtains the state 

r r( )Kx  and computes the optimal control sequence 

r r( )Ku  by solving the quadratic programming problem 

in the optimization model in (14). The first optimal 

solution r r( )Ku  in the optimal control sequence 

r r( )KU  is selected as the control input for the discre-

tized control model in (18). Thus, the optimal values of 

Gr-refkP  and vsc2P  in each step can be obtained. 

The transmission power regulation in the HVDC 

system vsc2

setP  is adjusted based on the optimal value of 
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vsc2 .P  The updated vsc2

setP  is transmitted to the 

MPC-based APC-S in the SPS power system as a trig-
gered signal. Thus, the regulation resources in the SPS 
system, including the active power of the hydro gener-
ators and EALs, can be optimized using the APC-S.  

Similarly, the control strategy in the APC-S is real-

ized using the MPC method. First, the frequency control 

model of the SPS system expressed in (15) is discretized 

as follows: 

s s sd s s sd s s sd s s

s s sd s s sd s s

( 1) ( ) ( ) ( )

( 1) ( ) ( )

K K K K

K K K


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x = A x + B u + P d

y = C x H d
   (21) 

where the discretized matrices sdA , sdB , sdC , sdP , and 

sdH  are expressed as follows: 
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where 
s-sT  is the sampling period in the SPS system. 

The aim of the APC-S is to regulate the hydro gen-

erator output 
Gs-refiP  and the EAs power reference 

EALrefjP , thus providing active power support to VSC1, 

vsc1P , and enabling the monitoring of the injection 

power change on VSC2, i.e., 
vsc2 .P  Additionally, con-

sidering the time-varying wind power fluctuations, the 

ACE signal in the SPS system 
se  (e.g., the active power 

deviation in the SPS, 
spsP ) should be eliminated. 

Thus, combining (12), (14), and (15), the reced-

ing-horizon optimization model of the APC-S in the 

SPS system is expressed as follows: 
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where the nomenclatures used in the receding-horizon 
optimization model (23) are similar to those used in 

model (20); psN  and usN  are the predictive and control 

time domains, respectively; sQ  and sR  represent the 

weight coefficient matrices for the cost function; and 

s s s s s( ( ), ( ))J K KU x  is the control input of the APC-S, 

which is determined by the first optimal solution 

s s( )Ku  in s s( )KU  (the optimal control sequence at 

time 
sK ) after solving the optimization problem in (23). 

The control performance of the MPC method is af-

fected by matrices Q  and R , which represent the er-

ror-tracking effect and control input cost, respectively. 
To achieve more flexible regulation, time-varying 
weight matrices are applied to the design controllers. In 

this study, matrices 
rQ  and 

sQ  are constant, whereas 

matrices 
rR  and 

sR  vary with the feedback-error devi-

ation, as: 

r r0 r r r0 r r

s s0 s s s0 s sps

e f

e P

    
     

R R W R W

R R W R W
             (24) 

where 
r0R  and 

s0R  are the initial standard matrices; while 

rW  and 
sW  are the droop coefficient matrices for 

rR  and 

sR , respectively. The controllers prefer tracking errors to 

achieve better transient performance if the deviations en-
large. When the errors are small, the controllers tend to 
achieve better stability against disturbances. 

Therefore, the regulation resources in the SPS system, 

including hydro generators and EALs, can be regulated 

to provide active power support to the RPS system via 

the VSC-HVDC transmission system and facilitate the 

recovery of the frequency to its nominal value, even 

though wind power fluctuation 
wP  and power dis-

turbance 
DP  exist. 

B. Implementation of Active power support Control 

Strategy 

The design procedure for the MPC-based active 

power support control strategy is as follows. 

1) Determine Whether to Activate Control Strategy  
As mentioned in Section III, the MPC-based APCs 

aim to minimize the ACE in the SPS and RPS power 
systems. When active power disturbance occurs in the 

RPS power system, its frequency 
rf  deviates from the 

normal value. Consequently, the frequency-deviation 

rf  in the RPS system is measured as the ACE signal re . 

Similarly, the active power deviation spsP  is selected as 

the ACE 
se  in the SPS system based on the LFC model. 

Subsequently, the obtained ACE signal re  is compared 

with the threshold 
tholde . The active power support 

control strategy is activated if re  is higher than the 

threshold tholde , and vice versa.  

2) Construct MPC-based Controllers  
Once the control strategy is activated, the APC in the 

RPS power system computes the power regulation value 
vsc2

setP  on VSC2, which implies that the power trans-

mission value vsc2

setP  on the VSC-HVDC system will be 
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regulated. Meanwhile, the revised value of vsc2

setP  is sent 

to the SPS system as a feedforward signal. 
The APCs in the SPS and RPS systems obtain the 

state variables 
sx  and 

rx  (the variables in the hydro 

generators, thermal generators, and EALs are presented 

in Section III.A). Combining the regulating constraints 

of the generators and EALs, discretized prediction 

models in (18) and (21) and optimization models in (20) 

and (23) in the SPS and RPS power systems are con-

structed. 

3) Solve Receding-horizon Optimization Problems 
Once the prediction models are established, during 

each sampling period, the receding-horizon optimization 

problems in (20) and (23) are solved after calculating for 

the linear-quadratic optimal control issues. Subsequently, 

the first optimal solution in the optimal control sequence 

is selected as the control input for the receding-horizon 

optimization problems. Thus, the optimal control inputs 

su  and 
ru  in the SPS and RPS systems for each period 

are obtained using the MPC-based APCs. 

4) Provide Regulation Commands to Control Subjects 

After calculating the optimal solution, the ACPs 

transmit the optimal control inputs, 
su  and 

ru , to the 

NCUs. Subsequently, regulation commands are pro-

vided to the control subjects. In the RPS system, the 

optimal values of 
Gr-refkP  and 

vsc2P  are transmitted as 

the control inputs of the thermal generators and VSC2. 

Meanwhile, in the SPS system, the regulation resources, 

such as hydro generators and EALs, are adjusted after 

the optimal values of 
Gs-refiP  and 

EALrefjP  are received. 

Thus, the power deviations in the SPS and RPS systems 

spsP  and 
rpsP  can be regulated, thereby achieving 

active power support. Consequently, similar to the ACE 

in the RPS system, the frequency deviation 
rf  can be 

minimized. 

The details on the design procedure for the 

MPC-based active power support control strategy are 

shown in Fig. 6. The effectiveness of the proposed 

control strategy is validated in the following section.  

 

Fig. 6.  Diagram of MPC-based active power support control strategy. 
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Ⅴ.   SIMULATIONS AND ANALYSIS 

A. Small Power Disturbance in RPS System  

To verify the performance of the proposed active 

power support control strategy, an actual power system 

with a high proportion of hydropower and EAL in the 

Yunnan power grid is selected as the SPS system and 

the IEEE 39-bus system is selected as the RPS system, 

as shown in Fig. 7. The SPS and RPS power systems are 

connected using VSC-HVDC transmission lines. In the 

SPS system, G1-G2 are thermal generators and G3G11 

are hydro generators with an installed capacity of 85%. 

A wind farm is installed at Bus 30 with a period of wind 

fluctuation, as shown in Fig. 8. VSC1 and VSC2 are 

connected to Buses S27 and R39, respectively. The 

VSC-HVDC asynchronous power system mentioned 

above is tested on an RTDS platform. 
 

 

Fig. 7.  Structure of VSC-HVDC asynchronous power system. 

 

Fig. 8.  Power fluctuations of wind farm in SPS power system. 

The installed capacities of the generators and the loads 

of the SPS power system are listed in Table Ⅱ. The total 

installed capacity of the loads in the RPS is 6200 MW. 

The initial transmitted power of the VSC-HVDC system 

is 1000 MW.  

In this case, the active power on load bus R4 in the 

RPS power system increases abruptly by 200 MW 

(accounting for approximately 3% of the total capacity 

on the demand side), thus causing a small power dis-

turbance in the RPS system. Consequently, the fre-

quency in the RPS rf  decreases owing to the power 

imbalance, as presented in Fig. 9, whereas the ACE 

signal re  remains within the threshold 
tholde  (0.2 Hz in 

this study). Therefore, the active power support control 

strategy is not activated, and the transmission power of 

the VSC-HVDC system does not change. Additionally, 

the small power disturbance is concealed by regulating 

the MPC-based APC-R, and the thermal generator 

output 
Gr-refkP  is optimized to recover the frequency 

deviation 
rf  in the RPS system. Meanwhile, the 

MPC-based APC-S optimizes the hydro generators 

output 
Gs-refiP  and EAL power consumption EALrefjP  

to smooth the wind power fluctuation 
wP  in the SPS 

power system, thus resulting in a stable power trans-

mission spsP  from the SPS system to the HVDC lines. 

TABLE Ⅱ 

INSTALLED CAPACITY OF GENERATORS AND LOADS IN SPS POWER 

SYSTEM 

Generators/loads Installed capacity (MW) 

G1/G2 400 

G3/G4 600 

G6/G7/G8 500 

G9/G10/G11 800 

Wind farm 1500 

EAL1/EAL2/EAL3/EAL4 800 

Regular loads (total) 1300 
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Fig. 9.  Control effects of MPC-based controller and PI controller 
under small power disturbance in RPS power system. (a) Fre-

quency in RPS system rf . (b) Frequency in SPS system sf . (c) 

Injection power of VSC1 in SPS system vsc1P . 

In this subsection, the PI control method is selected 

for comparison. The PI parameters in the SPS and RPS 

power systems are 
Ps 8.0K  , 

Is 1.5K   and pr 10.0K  , 

Ir 1.5.K   A small power disturbance occurs at 

100 st   with a step increase of 200 MW load power on 

Bus R4. The frequencies in the RPS and SPS systems 

and the effects of the two control methods are shown in 

Fig. 9.  

When the small power disturbance occurs, the fre-

quency in the RPS power system 
rf  decreases to 

49.92 Hz and then recovers to the nominal value via the 

two controllers. Compared with the PI controller, the 

MPC-based ACP-R performs better in terms of fre-

quency recovery, resulting in shorter recovery times for 

the primary and secondary frequency regulations. In 

the SPS power system, the reference output power of 

the SPS, vsc1P , is 1000 MW, because the active power 

support control strategy is not activated. The control 

objectives of the PI controller and MPC-based ACP-S 

are to smooth the wind power fluctuations (shown in 

Fig. 7) and maintain a stable injection power for VSC1, 

vsc1.P  The simulation results indicate that the 

MPC-based ACP-S decreases the power deviation 

within 50 MW, whereas the PI controller results in a 

maximum error of 200 MW. Consequently, the fre-

quency in the SPS system 
sf  became more stable ow-

ing to the MPC-based ACP-S, as shown in Fig. 9(b). 

B. Large Power Disturbance in RPS System  

For large power disturbance scenarios in the RPS 

power system, two cases are considered (i.e., active 

power shortage and surplus in the RPS system) to test 

the proposed active power support control strategy in 

asynchronous systems.  

During an active power shortage, a thermal generator 

on Bus R32 is not functioning because of a short-circuit 

fault at 100 st  . This results in a 650 MW power 

shortage in the RPS system, constituting approximately 

10.5% of the total load capacity, and leads to a rapid 

decrease in the frequency. In the active power surplus 

case, the power of the load on Bus R8 is decreased 

abruptly by 600 MW at 100 st  , resulting in frequency 

increase. To ensure that the frequency in the RPS sys-

tem is recovered to the normal range after the occur-

rence of the large power disturbances, four different 

control strategies are applied in two cases for compar-

ison, as listed in Table Ⅲ.  

TABLE Ⅲ 

CONTROL STRATEGIES APPLIED TO SPS AND RPS POWER 

SYSTEMS FOR TWO CASES 

Control Strategy SPS system RPS system 

A 
No active power 

support 
MPC-based ACP-S 

MPC-based 

ACP-R 

B 
With active 

power support 
PI controller PI controller 

C 
With active 

power support 

MPC-based ACP-S; 

no regulation on EALs 

MPC-based 

ACP-R 

D 
With active 

power support 

MPC-based ACP-S; 

with regulation on 

EALs 

MPC-based 

ACP-R 

In contrast to Strategies B, C, and D, the active power 

support control strategy of asynchronous power systems 

is not applied to Strategy A. PI controllers are used in 

Strategy B, whereas the proposed MPC-based control-

lers are applied to Strategies C and D for comparison. 

Strategies C and D differ in terms of whether the power 

consumption of the EALs is regulated.  

The control effects of the different strategies are il-

lustrated in Fig. 10. The frequency in the RPS power 

system rf  is shown in Fig. 10(a), which indicates that 

the proposed active power support control strategy 

promotes the recovery of the frequency to nominal 

values. Additionally, compared with the PI controller 

(Strategy B), the MPC-based ACPs (Strategies C and D) 

exhibit better performance with shorter recovery time.   

When the active power support control strategy of 

asynchronous power systems is activated, the 

MPC-based ACP-R computes the optimal power regu-

lation on VSC2 vsc2P , and changes its power transmis-
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sion value vsc2

setP . After the MPC-based ACP-S receives 

a power transmission value, the output power reference 

of VSC1, 
vsc1P , in the SPS system is changed from 1000 

to 1300 MW. Owing to the rapid regulation of the 

EALs, Strategy D performs better than Strategy C in 

terms of smoothing wind power fluctuations and mon-

itoring the reference, as shown in Fig. 10(b). Based on 

the receding-horizon optimization of the MPC method, 

the power consumption of the EAL, 
EAL ,P  decreases 

from 3200 MW to 2900 MW and remained steady once 

the active power support control strategy is activated, 

as shown in Fig. 10(c). 

 

Fig. 10.  Control effects of different strategies under active power 

shortage in RPS system. (a) Frequency in RPS system 
r.f  (b) 

Injection power of VSC1 in SPS system 
vsc1.P (c) Active power 

consumption of EALs in SPS system EALP . 

The simulation results for the active power surplus 

case in the RPS are shown are presented in Fig. 11. The 

frequency in the RPS system rf  increases when a 

large active power disturbance occurs. Similarly, 

compared with the PI controller (Strategy B), the 

MPC-based ACPs (Strategies C and D) exhibit better 

performance during the secondary frequency regulation. 

When the active power support control strategy of 

asynchronous power systems is involved, the 

MPC-based ACP-R optimize the power regulation on 

VSC2, and the output power reference of VSC1, vsc1P , in 

the SPS system decreased from 1000 MW to 640 MW, 

as shown in Fig. 11(b). Compared with the PI control 

method, the MPC-based ACP-S can optimize the entire 

output power of the SPS system to monitor the reference. 

Owing to the rapid response of the EALs, wind power 

fluctuations are stabilized, resulting in a smoother out-

put for VSC1 in Strategy D. 

 

Fig. 11.  Control effects of different strategies under active power 

surplus in RPS system. (a) Frequency in RPS system r.f  (b) 

Injection power of VSC1 in SPS system vsc1P . (c) Active power 

consumption of EALs in SPS system EALP . 

C. Robustness Discussion 

The robustness of the proposed MPC method is ver-
ified by changing certain parameters of the RPS and 
SPS systems. The active power-shortage scenario in 
Subsection B is applied as a case study. When a large 
power disturbance occurs, the time constants of the 

hydro/thermal governors (
GsiT  and 

GrkT , respectively), 

the time constants of the steam turbine and reheater (
TkT  

and RrkT , respectively), and the control coefficients of 

the EAL (
iK  and pK ) either change or remain un-

changed, depending on the case, as shown in Table Ⅳ. 
For comparison, Strategy D in Subsection B (where the 
proposed MPC method and EAL regulations are applied) 
is adopted to verify the robustness analysis. 

As illustrated in Fig. 12, compared with the results for 

Case A, when the parameters are changed, the maxi-

mum deviation of the frequency nadir in the three cases 

is approximately 0.1 Hz. The injection power of VSC1 
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in the SPS system and the active power of the EAL vary 

within 30 MW and 50 MW, respectively. The results 

indicate that changing the parameters slightly affects the 

control effect, but becomes negligible after the 

MPC-based controllers regulating the control output. 

Thus, the proposed MPC method is verified to be robust 

to variations in the system parameters. 

TABLE Ⅳ 

PARAMETER CONDITION BASED ON CASE 

Case Parameter condition 

A Unchanged 

B Increased by 25% 

C Decreased by 25% 

 
Fig. 12.  Control effects of different cases for changing parame-

ters. (a) Frequency in RPS system rf . (b) Injection power of 

VSC1 in SPS system vsc1P . (c) Active power consumption of 

EALs in SPS system EALP . 

D. Efficiency Analysis   

To further analyze the computational efficiency, four 
widely used indices are applied to measure the control 
performance of the proposed MPC and PI methods: the 

integral of the square error SEI , the integral of the timed 

square error TSEI , the integral of the absolute error AEI , 

and the integral of the timed absolute error TAEI , ex-

pressed as: 
s 2 2

SE sps
0

( ) ( ) d
t

I f P t                       (25) 

s 2 2

TSE sps
0

( ) ( ) d
t

I t f P t                    (26) 

 s

AE sps
0

d
t

I f P t                         (27) 

 s

TAE sps
0

d
t

I t f P t                       (28) 

where 
st  is the sampling duration. 

The small and large active power disturbance sce-

narios (Strategies B and D) presented in Subsections A 

and B are selected to analyze the control performance of 

the different control methods, with the performance 

indices listed in Table Ⅴ.  

TABLE Ⅴ 

COMPARATIVE RESULTS OF PERFORMANCE INDICES 

Scenarios Methods 
Performance Indices 

SEI  
TSEI  

AEI  
TAEI  

Small power  

disturbance 

PI  0.68 8.96 12.78 131.66 

MPC 0.043 0.081 0.93 3.89 

Large 

power 

disturbance 

Shortage  
PI  2.43 19.65 43.62 680.82 

MPC 0.13 2.83 6.64 21.29 

Surplus 
PI  0.96 15.76 35.69 430.26 

MPC 0.093 1.84 5.73 17.56 

Based on the results, in the small and large active 

power disturbance scenarios, the values of the perfor-

mance indices of the proposed MPC method are much 

lower than those of the PI method, thus further verifying 

the rapid response regulation and improved robustness 

of the proposed MPC control strategy. 

Ⅵ.   CONCLUSION 

Considering the load characteristics of electrolytic 

aluminum, this study proposes an active power support 

control strategy for a VSC-HVDC asynchronous power 

system. Based on an analysis of the control model of an 

EAL, the power consumption of the EAL can be regu-

lated from 0.89 p.u. to 1.06 p.u. in seconds, which sig-

nifies significant regulation potential for active power 

support control. An LFC model of the sending and re-

ceiving sides of an asynchronous power system is 

demonstrated. Based on the MPC method, an active 

power support control strategy is deduced to maintain 

the frequency stability in the RPS system and transmit a 

steady output power from the SPS system when a large 

power disturbance occurs. The proposed strategy is 

tested using a combination of an actual industrial power 

system and a modified IEEE 39-bus system. The sim-

ulation results indicate that the proposed control strat-

egy can realize steady active power support in an 

asynchronous power system. Compared with the PI 

control method, the MPC-based controllers perform 

better in eliminating frequency deviations in the RPS 

system under both small and large power disturbances. 

Owing to the rapid regulation of the EALs, the 
MPC-based controller in the SPS system demonstrates 

better control effects in smoothing wind power fluctua-

tions, thus providing more stable reserve capacity sup-

port for the VSC-HVDC system. The effectiveness of 
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the proposed active power support control strategy is 

verified and its potential for further practical applica-

tions is demonstrated. 

APPENDIX A 

Based on the analysis in Section II, the active power 

consumption of the EAL can be controlled by regulating 

the voltage drop on the saturable reactors 
SR .U  To 

verify the performance of the proposed control model on 

the EAL, an actual 330 MW EAL, as presented in [28], 

is selected as a case study. The load model of the EAL is 

constructed on an RTDS platform based on Fig. 1, with 

the parameters listed in Table AⅠ.  

Based on the active power control model in Fig. 2, the 

active power of EAL 
EAL ,P  can be regulated by 

changing the control input 
EALref .jP  The regulation 

range of 
SRU  in this case is 2070 V. To investigate 

the active power regulation limits of the EAL, tests are 

conducted based on Table AⅡ, and the simulation re-

sults are shown in Figs. A1 and A2. 

TABLE AⅠ 

PARAMETERS OF 330 MW EAL 

Parameter Initial value 

AC bus voltage 
ACU (kV) 10.5 

Voltage drop on saturable reactor 
SRU (V) 35  

DC bus voltage DCU (V) 1012  

Direct current in electrolyzer DCI (kA) 326.1  

Back electromotive force E (V) 354.6  

Equivalent resistance R ( mΩ ) 2.016  

PI controller coefficients p 10.5K  , i 1.5K   

Time constant of electrolyzer EST (s) 2.0  

Time constant of saturable reactor SRT (s) 0.5  

Coefficient on saturable reactor SRK  7.5 

TABLE AⅡ 

ACTIVE POWER REGULATION TESTS ON 330 MW EAL 

Tests Scenario 

Down-regulation 

5%  

10%  

15% 

Up-regulation 
5%  

10% 

 

 

Fig. A1.  Simulation results of active power down-regulation test. 

(a) Active power consumption of EAL 
EAL.P  (b) Voltage drop on 

saturable reactor 
SRU . 

 

Fig. A2.  Simulation results of active power up-regulation test. (a) 

Active power consumption of EAL EAL.P  (b) Voltage drop on 

saturable reactor SRU . 

Figures A1 and A2 show the results of active power 

EALP  and the voltage drop of the saturable reactor 
SRU  

when down-regulation and up-regulation are applied, 
respectively. When the 5%, 10%, and 15% 
down-regulations are applied at 5 st  , the voltage 

drops on the saturable reactor SRU  increase, and the 

active power of the EAL, 
EALP , is decreased within 

seconds. When a 15% down-regulation is applied, EALP  

decreases to 293 MW, whereas SRU  increases to the 

upper limit of 70 V. This implies that the maximum 

EALP  down-regulation is 0.89 p.u., or 11%. Similarly, 

the active power consumption of the EAL can be 
up-regulated to 1.06 p.u. (350 MW) when 10% 
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up-regulation is applied, whereas 
SRU  decreases to its 

lower limit of 20 V.  
In summary, the active power regulation range of the 

EAL in this case is 0.891.06 p.u., which is similar to 

the theoretical value calculated using (7). The simula-

tion results indicate the effectiveness of the proposed 

control model for the EAL. 

APPENDIX B 

Based on Fig. 4, the LFC model of an SPS power 

system can be expressed as follows: 

s

s s Gs EAL w vsc1

s s s s

Gs ws

Gs s Gs s Gs-ref

s Gs Gs Gs

s s s Gs-ref
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DCcon i

1 1 1
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2 1

1 1 1

1 1
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1
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(B1) 

Meanwhile, the ACE signal 
se  is expressed as: 

s sps Gs EAL w vsc1

1 1

m n

i j

i j

e P P P P P
 

 
          

 
    (B2) 

Combining (B1) and (B2), the LFC model of the SPS 

system can be described by state-space equations in (15), 

with matrices 
sA , 

sB , 
sC , 

sP , and 
sH  expressed as 

follows: 

 

s

12 13

s

(1 2 3 ) (1 2 3 )

s 21 Gs

EAL

(1 2 3 ) ( )

s Gs

EAL

1 (1 2 3 )

s 12 13
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(1 2 3 ) 1

s

s

s

0

1

1
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where the submatrices in 
sA , 

sB , and 
sC  are expressed 

as: 
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The expressions for submatrices 
EALjA  and 

EALjB  

have been introduced in Section Ⅱ. 

Similarly, the differential equations of the LFC model 

in the RPS power system can be deduced as follows: 

r
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r r r r
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(B5) 
Subsequently, the LFC model in the RPS system can 

be expressed by state-space equations in (16). The ma-

trices 
rA , 

rB , 
rC , and 

rP  are expressed as follows: 
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