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PREVENTIVE CONTROL CONSIDERING AGGREGATED 

CONTROLLABLE LOADS FOR VOLTAGE STABILITY IN 

ELECTRICAL POWER SYSTEMS 

S.H. LI1,2*, Y. HE1, H. LI1,2, H.M. PENG1 

Aggregated controllable load (ACL) has great potential in power system 

stability control and ancillary services. This paper proposes a new voltage stability 

constrained optimal power flow (VSC-OPF) model to coordinate ACL and the other 

control actions, such as generator terminal voltage adjusting, transformer tap 

regulation and power generation rescheduling. ACL is recognized as a new control 

stage to integrate into the proposed VSC-OPF. The successive linear programming 

method is applied to solve the proposed VSC-OPF. Finally, the effectiveness of the 

proposed method was verified in the reduced model of Guangzhou power network. 

Keywords: voltage stability; demand-response; preventive control; optimal power 

flow  

1. Introduction 

With the rise of the electric load and amplitude of renewable generation, 

the modern power system is more likely to operate closer to its physical limits [1]. 

Therefore, blackout events caused by voltage collapse occurred more frequently 

in recent decades, which seriously affected residents' lives, industrial production, 

and other aspects of society. To address this problem, advanced preventive control 

methods to prevent voltage instability are more urgently needed [2]-[3].  

Until now, preventive control problem of voltage stability is expressed as 

the optimal model in the most of publications. The objectives of the optimization 

models contain two types, one is to maximize voltage stability margin [4]-[5], the 

other is to minimize the total control costs of voltage regulation actions [6]-[8]. 

The optimization method adopted the latter type objective is more practical since 

this method considered all the available voltage regulation actions such as power 

generation rescheduling, generator terminal voltage adjusting, transformer tap 

changing, reactive power injection and load curtailment. And these voltage 

regulation actions were divided into three priority control stages in terms of 

control cost by the optimization method. Thus, the lower cost control actions are 

preferentially to be employed. However, load curtailment is still often employed 

to maintain power system security according to this method as the power system 
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was operating at tension state, which usually cause large number of losses of the 

social production once employed.  

To reduce the total amount of shed loads, the ability of smart appliances 

responding to the system demand without sacrificing the comfort of their owners 

are developed by the researchers in recent years [9]. It is a more grid-friendly and 

great potential control resource for preventive control. In this context, virtual 

power plant (VPP) technology is proposed to aggregate these distributed 

controllable loads (i.e. ACL) to exploit this resource [10]-[11]. VPP technology 

give ACL the possibility to balance the unexpected power fluctuations and shift 

peak and mitigate system instability [12]. Literature [13]-[14] propose new 

control strategies to schedule the optimal capacities of ACL to provide the power 

system ancillary services. In [15], a real time decentralized voltage control 

method has been proposed to raise the remote nodal end voltage of  the low power 

networks by controlling the active and reactive consummation of ACL [16]-[17]. 

A resilient control strategy is established to prevent voltage instability by use of 

thermostatically controlled loads (TCL) in [18]. However, ACL consists of 

several components such as TCL, deferrable loads (DL) and plug-in electrical 

vehicles (PEV) etc., but only few publications refer to use one of them for the 

preventive control. Moreover, the coordination challenge of ACL control with 

other control actions for preventive control of voltage stability has not been 

considered.   

In this context, a new VSC-OPF model is proposed to coordinate ACL 

with other conventional controls in this paper, which is to fully use the potential 

capacity of ACL in the power system. TCL, DL and PEV are taken account in 

ACL. The aggregated TCL, DL and PEV models are applied to determine their 

controllable regions. In the proposed VSC-OPF model, ACL is integrated as a 

new stage. Then, the successive linear programming method is applied to solve 

the optimal problem, which considers the lower boundaries of ACL and the 

evaluation of voltage stability margin (VSM). This method is tested in the reduced 

Guangzhou power network to verify its effectiveness. 

2. Model of Aggregated Controllable Load 

TCL mainly consist of air conditioning, ventilation, heating, water heaters 

and refrigerator. There are the devices which maintain the temperature in the set 

temperature range of electrical appliances. On the peak load period, the start and 

stop time of TCL can be controlled or the set temperature can be adjusted to 

achieve load reduction. The aggregate TCL are often modeled as a one-

dimensional equivalent thermal parameter [20] as follows: 
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             where 1  is the active power-states, which is got from the real-time direct 

measurement; .H capP  is the installed power of  TCLs;  ( )t  is the capacity-factor at the time 

t, which can be obtained as a function of the temperature set-point location according to [20]. 

N is the population of TCLs; ( , )hP i t  is the real power consumption of each unit. 

             In practical experience, the set-point modulations are limited within the 

quarter-deadband to avoid rapid switching nearby the set temperature [20]. So the 

feasible region of TCL has to be constrained by : 
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where 
* ( )HP t t+  is the available capacity of TCLs at a time interval t t+  

considering without compromising end-service; ( , )TCLP i t t+ +   and ( , )TCLP i t t− +   

is the lower and upper boundaries of the controllable region, respectively. The 

maximum ms,max and minimum ms,min temperature set-point indices can be 

obtained by solving the minimization problem proposed in [20]. 

DL mainly consists of laundry machines, clean dishes and the pool pump, 

which can shift the power consumption without interrupting the load. In general, 

the working interval (D) of DL is usually a deterministic function of the machine 

working program. Thus, the activation of a DL as a known nonhomogeneous 

Poisson process with arrival rate λ(t) based on the conclusion of the statistical 

properties analysis of the aggregate DL as refered in [21]. By considering the joint 

probability to have k departures and i b k− +  arrivals in  ,t t t+  , the conditional 

probability to have i active users can be expressed as: 
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          Assuming the average capacity is constant in the next time interval, so the 

total capacity expectation of the aggregate DL at  ,t t t+  is estimated by: 
( )
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          The average power consumer avq is obtained by ( ) ( )av DLq P t b t= [22]. 

Thereby, the feasible region of the aggregate DL is constrained within: 

 0 ( ) ( )DLP t t P t t  +  +                                         (5)  
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Normally, PEV operates at three different modes, namely disconnected, 

idle, and charging. The participation factor and state-of-capacity (SOC) of PEVs 

are known in terms of the real operating state of the PEVs. The upper and lower 

boundaries of SOC are pre-set to avoid battery over discharge and overcharge 

[23]-[24]. The power of electric vehicle fleets can be aggregated into one large 

source model based on the participation factor, which facilitates the incorporation 

of several PEV fleets characteristics such as minimum desired state of charge 

(SOC) of the PEV owners, drive train power limitations, charging modes of PEVs 

as referred in [24]. The total upward agP+  and downward agP−  reserves of Nh 

number of PEVs aggregate model can be obtained by: 
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where 
cP  is the sum of charging power; sevP is the sum power for other service, 

for instance, frequency control; maxP , minP  is the drive train maximum and 

minimum power limit. 

3. The proposed VSC-OPF for preventive control 

3.1 The proposed VSC-OPF model 

According to the conventional VSC-OPF model [15], the control actions 

are often divided into the three priority stages in term of control cost. The larger 

number of the stage correspond to the higher control cost. Thus, the previous 

stage is effective, the latter stage should be avoided in the conventional VSC-

OPF. On the basis of that, ACL can be recognized as a new stage to integrate it 

into the new VSC-OPF. The proposed VSC-OPF model for preventive control of 

voltage stability is expressed as follows : 
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where F  is the power flow equation;  
j

+ , j
−  is the turn up and down control variable; 

j
c+

 ,
j

c−
 is the corresponding incremental, decremental control cost, respectively; stagen is 

number of stage of control measures; iw  is weight factor of ith stages of control, which is set 

to reflect the priority of control measures; jP+ , jP− is the turning up and down power 

generation [18]. 
The forth equation of (7) indicates the variation of the system active power 

consumer and supply should always maintains equal in case of the network active 

loss is balanced by slack bus. The last equation of (7) indicates the security 

inequality constraint to reserve a certain level of VSM for all critical 

contingencies, 
contn  is the number of the selected controllable measures; 

rep  is 

the desired minimum LM; 
0
 is the initial value of LM, which is obtained by 

continuation power flow (CPF);  is an adjustment factor, which is given by the 

system operator in term of the operation situation, it is set to 1.05 in this paper. 

max

i

d
d




 is the sensitivity of LM with respect to control variables, which are 

obtained based on the Look-Ahead method [25]. 

In this proposed model, the control cost of ACL is determined with 

considering the tradeoff between the practical costs and incentivize affection of 

the dispatch. Many pricing strategies, such as real time pricing (RTP), time of use 

(TOU) pricing, and critical peak pricing (CPP) have been investigated [26]-[28].  

RTP is a premise method from the perspective of consumer. However, dealing 

with so many bids of ACL in the process of optimization algorithm for preventive 

control is impractical. To match the sampling rule of load demand (each day is 

divided into a certain number of intervals), the TOU pricing strategy is adopted to 

determine the electricity price in this paper. And then, the defining control cost of 

ACL is equal to   times of the real-time price of electricity: 

                           ( ) ( ) 1vpp realc t p t =                                              (8) 

where vppc is the control cost;  is a weight coefficient decided by Grid EMS, in 

consideration of the electricity of PEV purchase from utility, 1  , here is set to 

1.5; realp  is the electricity price in real time, which is set as a constant value 0.12$ 

according to the reference [28]. 

The control cost of ACL is higher than generator active power 

rescheduling, but lower loss than load curtailment. Thus, a new stage (the 3rd 

stages  ) of ACL is integrated between generator active power rescheduling and 

load curtailment. stagen  increase from 3 to 4 in the above model (7), (i.e. nstage=1, 

2, 3, 4). Based on (2), (5) and (6), the feasible region is obtained to constraint the 
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new control variable from ACL. For non-negativity purposes, the new control 

variable is decomposed into:     
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where ACLP+ , ACLP−  is the turn up and down control variable from ACL. 
0

ACLP  is 

the original value of ACL [18]. 
 

3.2 Successive Linear Programming Algorithm 

The above VSC-OPF is a convex and multidimensional nonlinear OPF 

problem. This paper adapts the successive linear programming algorithm (SLPA) 

to solve it, which has an advantage over correcting the errors through the 

derivative with respect to the discrete control variables, the lower boundaries of 

ACL and the evaluation VSM etc. Fig.1 shows the algorithm flowchart of the 

proposed method.  

Base case

Screen Contingencies to get the critical Contingency set(C={})

C={} is empty?

Iterations i=0,max_itr=10

i++,i>max_itr?

Calculate MLP and the constrains of ACL by(2),(5) (6)

Sove linearized problem of Eq.(7)

Implement control

End

Yes

Yes

No

No

 
Fig. 1. The flowchart of SLPA 

Step 1: Grid EMS reads the real-time data from SCADA including the 

load level and the power-state information of ACL. Virtual SCADA calculates 

and sends the controllable region of ACL and its control cost to Grid EMS.  
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Step 2: Based on the security criterion N-1, these contingencies are chosen 

into the pending contingency set  C =  whose VSMs are less than the desired 

minimum threshold. And the control sensitivities are achieved and then rank 

them; 

Step 3: Use linprog function of MATLAB toolbox to solve proposed linear 

programming model while updating the constraints (7) and using the sensitivity 

obtained in Step 2 as well as the feasible region defined by (9) that has been 

obtained from load aggregation.  

Step 4: Update state and repeat Step 1, the maximum iteration time i is set 

as 10. If pending contingency set is not empty, continue to Step 2. Otherwise, the 

preventive control computation is pursued. 

4. Case study 

The proposed method has been tested on the reduced model of Guangzhou 

220 kV power network in the south of China, to verify its effectiveness. The time-

domain simulation data is obtained by BPA-PSD (power system integrated 

simulation software). The simulation is run on a PC with Intel(R) Core i7-3770, 

3.40 GHz processor with 16 GB of RAM,  a series of data are collected every half 

hour in a day's time (48 samples in total).  

4.1 The reduced Guangzhou 220 kV power network 

The reduced Guangzhou 220 kV power network composed of 59 buses 

and 107 lines. 11 distributed generators and 51 load groups are connected to the 

network buses. We assume each load group contains both the conventional load 

and the ACL from large scale VPP which can be dispatched as virtual generation. 

The capacity of TCLs and DLs is assumed 10 and 5 percent of the current resident 

load of each load group. The capacity of PEVs is equal to the capacity of DLs and 

the capacity of the individual PEVs fleet is 5 MW. The operating data of this case 

is given based on a typical daily operation scenario at the summer of 2015.The 

daily load curve is predefined as shown in Fig. 2.  

As shown in the Fig. 2, we can find the peak demand appeared in the two 

periods: (A) 12:00-15:00 and (B) 18:30-20:00. In the period A, the active power 

demand peak reached to 1820.2 MW and reactive power reaches to 865.6 MVAr 

at about 13:00. During this period, LM is observed to be close to the minimum 

security threshold which was set as 0.05req =  by WECC. 

http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=20%25%E6%AF%94%E4%BE%8B%E7%9A%84%E8%B4%9F%E8%8D%B7
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Fig. 2. The daily active power demand curve 

 

Nevertheless, other levels of security margin threshold could be easily 

adopted. The system may have insufficient LM once a contingency occurred, even 

become unstable directly. 

The security criterion N-1, a list of 107 preconceived contingencies while 

only considering lines outage, is analyzed at the research time to select the critical 

contingencies. Table 1 list the 7 critical contingencies at the time 13:00, at this 

time, the power system reaches the top load level. The LMs of all 7 critical 

contingencies are less than 0.05.  
Table 1 

Contingency Analysis Result 

Classify Case ID Outage Lines At 13:00 

 Normal No contingency 0.0661 

Emergency 

contingency 

C096 Guannan-Huqiao -0.0153 

C142 Zhujianga-Niaozhou -0.0108 

Critical 

contingency 

C113 Beijiao-Shijing 0.0153 

C037 Huadi-Ganling 0.0180 

C060 Fushan-Shiyang 0.0331 

C086 Houde-Boluo 0.0440 

C105 Chisha-Huapu 0.0462 

 

As shown in Table 1, the emergency contingencies C096 and C142 have 

the negative value of LM, which implies that the system loses stability in case of 

the two contingencies occurred. Such serious contingencies are more suitable for 

emergency control strategy rather than preventive control [29]. Thus, these 

scenarios are not analyzed in this paper. 
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Fig. 3. VSM obtained for the system without access to the proposed control strategy over period A  

 

Fig.3 plots the LM trajectory in the period A without implement the 

preventive control. Fig.3 (a) is the LM trajectory without contingency. Fig.3 (b)-

(h) depict the LMs under the critical contingency C113, C037, C060, C086 and 

C105. The results demonstrate that the LM cross the given security margin 

threshold during this period. LMs obtained during the period A of the contingency 

C113, C060 and C037 are all less than 0.05, as the red dots in Fig.3. This situation 

implies the system has insufficient stability margin during the period A. Thereby, 

the contingency protocols are needed to maintain voltage stability. 
 

4.2 Simulation results 

For voltage control, this system has 8 available shunt capacitors (which 

belong to stage 1, each capacitor has 30 Mvar available capacity), 2 generators 

(which belong to stage 2, Zhujiang and Huapu have regulating capacity 80 and 50 

MW) and 29 loads (which belong to stage 3 and 4) were considered as control 

variables. The proposed control strategy given by (14) is used to make the 

contingency protocols for this system. In this paper, communication delays for 

aggregation are not considered. 
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Fig. 4. The actual and predicted capacity of ACL: a) TCL and DL, b) PEV 

 

According to the aggregated models of TCL, DL and PEV, the predicted 

capacity of TCL, DL and PEV can be obtained by (2), (5) and (6), respectively. 

The necessary parameters for the calculation of the controllable region of TCL, 

DL and PEV are referred in [20], [21] and [24], the set values of their case studies 

are used. Fig.4 shows the comparison of the actual value and the predicted 

capacity of ACL. From the Fig.4, we can see the predicted curve is very close to  

the actual curve, in fact, the errors between the actual values and the predict value 

are less than 2%. Therefore, the controllable regions based on the capacity 

obtained by the proposed models are feasible.  
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Fig. 5. The controllable regions and actual demand of ACL 

 

After computing the predicted capacity, the total controllable regions of 

ACL are calculated by (15) before the optimization procedure. Fig.5 summarizes 

the controllable regions that ACL is dispatched to maintain voltage stability. The 
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upper and lower boundaries of ACL are achieved by Virtual SCADA and sent to 

Grid EMS. Then, Grid EMS obtained the actual demand for preventive control by 

solving the optimization function Z1. The actual demand is translated as an order 

signal and sent to Virtual SCADA. In fact, ACL model parameters are varied 

following the changes of the power-states, so the lower and upper boundaries are 

time-varied and updated to constrain the available regions of ACL as the Fig. 5. 

shown. Considering this constraint, the Virtual SCADA determines the specific 

number and location of controls in term of control sensitivity and cost of control 

variables. Based on the look-ahead method, Table 2 lists the rank of sensitivity of 

LM with respect to the control variables of ACLs at the partral buses. See Table 2, 

load curtailment of bus KAIXUAN have the most effect on improving system 

stability, so the load of bus KAIXUAN is prior to be selected in the preventive 

control scheme.  
Table 2 

Results of Sensitivity LM with respect to ACL in Period A 

Time of Day 
Sensitivity 

KAIXUAN LISHA CHISHA SHIJING HUADI HOUDE 

12:00 0.06361 0.06248 0.06169 0.06118 0.06004 0.05921 

12:30 0.06465 0.06309 0.06255 0.06179 0.06120 0.06089 

13:00 0.05992 0.05935 0.05912 0.05895 0.05833 0.05632 

13:30 0.06225 0.06116 0.06025 0.05986 0.05968 0.05893 

14:00 0.05961 0.05922 0.05890 0.05822 0.05808 0.05766 

14:30 0.05939 0.05876 0.05839 0.05816 0.05784 0.05734 

15:00 0.05902 0.05856 0.05746 0.05762 0.05709 0.05644 

 
Fig. 6. VSM obtained for the system with access to the proposed control strategy over period A 
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The control weights are 1, 2, 5, and 10, respectively. The results of the 

controllable regions, sensitivities and costs are sent to Virtual SCADA, where 

these parameters and constraints are used to define the nodal load-shedding 

requirement based on the VSC-OPF given by Z1. In Fig.5, the actual demand 

level consistently lies near the lower feasible region boundary as the system has 

restored a certain security level. Finally, the control signals are sent to controllable 

loads to achieve the control scheme. Fig.6 (a)-(f) depicts the VSMs in the period 

A after application of the optimal preventive control.   

As shown in Fig.6, after application of the selected preventive controls, 

LMs are observed to be reserved over the security margin threshold 0.05 for all 

critical contingencies. The all red dots are changed to green color which means 

VSM is larger than 0.05. The above analysis demonstrated the feasibility of the 

proposed method. Further, to evaluate the advantages of the proposed method, the 

conventional VSC-OPF proposed in [7] is tested in the same power network. 

Table 3 lists the results obtained by the conventional strategy and the proposed 

strategy.  

As shown in Table 3, the strategy decided by SLPA needs 120 MW of 

shunt capacitors and ±50 MW rescheduling generators output powers to 

participate in the preventive control. ‘+‘ denotes the increase of output power, ‘-‘ 

is reversed, and they always are equal. The minimum load curtailment needs 40 

MW. Comparing with the conventional method, less capacity of shunt capacitors 

and generators are used in the proposed strategy, it is beneficial to provide more 

reserve capacities for the operation behind. Moreover, though the larger number 

of loads (40MW) is cut off in terms of the proposed strategy, the control cost 2635 

$ is less than the conventional strategy 3021 $. The main reason is that the ACL is 

integrated into the proposed optimization model in this paper have considered the 

end-user comfort and these ACLs are voluntary to be controlled in case of the 

economic requirements of them were met by the utility. Thus, the control cost 

(stage 3) composed of the control action price and the following loss of 

consumers is lower than the undifferentiated load shedding (stage 4). The 

proposed method contributes to achieve the effective decision of preventive 

control.  
 

Table 3 

Comparison of the Optimal Control Scheme obtained by the Conventional  

and Proposed Strategies 

Strategy 
Optimal control scheme (MW) Cost ($) 

stage1 stage2 stage3 stage4 

The conventional strategy 160 ±90 0 35 3021 

The proposed strategy 120 ±50 40 0 2635 
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Table 4 lists the control variables were selected in the iteration process for 

the optimal preventive controls. Table 4 shows these lower cost controls were 

utilized as much as possible in the first iteration, so all the capacity of shunt 

capacitors and generators controllable power are ran out, the minimum security 

margin constraint (9) was satisfied until the 35 MW (the lower boundary of ACL 

at this moment) ACL is curtailed. But after application of this scheme, the VSM 

under C113 contingency reached 0.068, which exceeded the targets (0.05) a lot. 

So it implied that the control scheme obtained by Iteration 1 have the problem 

over control, the main reasons is ACL have the lower boundary of control 

variable. Thus, the subsequent iteration is to adjust the control variables according 

to the successive linear programming method to correct the errors, the next 

iteration determined the final optimal scheme. After application of this scheme, 

the VSM is 0.055 which is very close to the target 0.05.  

 
Table 4 

The list of control variables in process of the proposed preventive control strategy 

Control stage Iteration 1 (MW) Iteration 2(MW) 

Stage 1 180 120 

Stage 2 ±80 ±50 

Stage 3 35 40 

Stage 4 0 0 

VSM under C113 0.068 0.055 

5. Conclusion 

This paper presents a new VSC-OPF model to coordinate ACL with the 

other control actions for preventive control of voltage stability. Three components 

TCL, DL and PEV are taken account into ACL. ACL is recognized as a new 

control stage to integrate into the proposed VSC-OPF. The proposed method has 

been tested in a reduced Guangzhou power grid. The simulation results show that 

the optimal control actions were correctly selected in terms of the lowest cost and 

bring the system to a secure operation region. The group of the optimal control 

actions can fully exploit the ability of ACL and reduce the total control cost, 

simultaneously. SLPA was effective to correct errors derive from the discrete 

control variables, the lower boundaries of ACL and the evaluation VSM to 

mitigate over control. In addition, SLPA has a lower computational cost, which 

takes approximately 70 percent time of the conventional method in the premise 

that ignored the collection time of the real-time power-state of ACL. Therefore, 

the deployment of the control optimization scheme is more suitable for real time 

operation. 
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