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Abstract 
 

This paper investigates the impact of dynamic demand 
response (DR) on the stability region depicted on the 
controller parameter space of a single-area load frequency 
control (LFC) system with communication time delays. An 
effective and simple graphical method is implemented to 
compute all stabilizing Proportional Integral (PI) controller 
gains of DR loop for a given time delay. The approach is 
based on extracting stability region and the stability 
boundary locus in the PI controller parameter space. 
 

1. Introduction 
 

The main goal of the conventional LFC system is to maintain 
a reasonably uniform frequency in an interconnected power 
system consisting of several pools. The system frequency is 
regulated by balancing generation and demand through load 
following [1]. On the other hand, renewable energy (RE) 
sources such as wind power, photovoltaic (PV) and fuel cells 
will have a considerable share of power generation as 
distributed generation sources in the future smart power grid [2], 
[3]. Therefore, conventional LFC systems get more complicated 
in terms of frequency regulation. Besides, highly variable 
generations such as wind power and PVs are unsatisfactory to 
maintain frequency at its desired value. Energy storage devices 
and responsive loads are essential for stability of future power 
grids and for balancing between load demands and power 
generations [3]-[6].  

Due to disadvantages of the renewable energy such as the 
high costs, low efficiency, power fluctuation, variability and 
uncertainty of wind and solar resources, dynamic demand 
response (DR) which plays an important role in providing 
ancillary services on conventional power plants should be 
considered as an option in frequency regulation [7]. DR is 
designed to contribute to energy load reduction and stability of 
power grid during times of peak demand. When demand is high 
and supply is inadequate or is the opposite, frequency of 
interconnected power grid cannot be at its desired value. 
Additionally, DR increases reliability and flexibility of 
interconnected power systems, decreases the cost of operation, 
and enhances system efficiency. To avoid unwanted effects of 
renewable energy, conventional LFC system is modified using 
DR loop [8]. 

With the inclusion of the DDR loop and open 
communication network in the LFC system, inevitable time 
delays are observed. These delays include measurement and 
communication delays [8].  Traditionally, dedicated 

communication links were used to sending and receiving control 
signals. For this reason, in stability analysis it was reasonable to 
neglect time delays associated with the communication network. 
However, communication delays significantly increase when an 
open and distributed communication network is used to send 
control signals [9], [10]. It was reported that communication 
delays in LFC systems can be in the range of 5-15 sec [11]. The 
size of communication delays mainly depends on the physical 
media of communication (such as fiber-optic-cables, digital 
microwave links, power line, telephone lines and satellite links 
[9]) as well as several other factors including the phasor package 
size, transmission protocol employed and communication 
network load (congested or idle). 

Time delays have become a great concern in stability analysis 
and controller design of LFC systems since these delays may 
destabilize the system and reduce the controller performance. 
Recent studies on the delay-dependent stability of LFC system 
mainly focus on the identification stability delay margin for a 
given set of PI controller parameters.  They aims to compute 
delay values for which LFC systems will be marginally stable 
using frequency domain direct methods [12] or time domain 
indirect methods based on Lyapunov stability theory [13].  

For a complete picture of the LFC system stability, it is also 
vital to determine all possible values of PI controller parameters 
that ensure a stable operation when a time delay is observed. In 
one of our earlier work reported in [14], a  simple graphical 
technique that aims to compute stability boundary locus [15, 16] 
has been used to stability analysis of time-delayed single-area 
LFC system, and a stability region for a given time delay has 
been determined in the PI controller parameters space.  This 
paper extends our earlier work on the stability region [14] to 
investigate the impact of DR loop on the stability regions. The 
proposed method has been effectively applied to controller 
design and synthesis of integrating systems containing time 
delays [17] and large wind turbine systems [18]. Stability 
regions are obtained for a wide range of communication time 
delays and the impact of DR is evaluated for different frequency 
regulation scenarios realized by a control effort sharing factor. 
The accuracy of theoretical delay margins is validated by using 
Matlab/Simulink [19] to demonstrate the effectiveness of the 
proposed method.   

 
2. Modified LFC model with DR loop 

 
Conventional LFC system is modified to include a DR loop 

as an ancillary service in addition to the supplementary control 
loop. Fig. 1 shows the block diagram of the modified LFC 
system. Observe that total time delays are lumped into a single 



constant delay to simplify stability analysis and an exponential 

transfer function se τ− is introduced in both control loops. With 
the DR available in the LFC, the required control effort called 
Ω  can be shared between supplementary and DR loops based 
on their cost at real-time electricity market as follows:  
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where α  is a sharing factor (0 1)α< <  that determines weight 

of secondary control or DR control. The control effort 1α =  
means that total required frequency regulation will be provided 
by the traditional secondary regulation services, i.e. spinning 
and non-spinning reserve, and 0α =  is the case where all the 
required control would be provided by DR. The decision on the 
values of ( α ) should be made by ISO/RTO, based on the price 
of DR and the traditional regulation services in a real-time 
market [8]. 

The variables ,,, TG PPf ΔΔΔ and LPΔ  in Fig. 1 represent the 

deviation of frequency, the generator mechanical output, valve 
position, and load, respectively. The system parameters H, D, 
Tg, Tt and R are the moment of inertia of the generator, generator 
damping coefficient, time constant of the governor, time 
constant of the turbine, and speed drop, respectively. 

The characteristic equation needs to be determined to obtain 
stability regions of the LFC system with a DR loop. 

4 3 2
4 3 2 1

3 2
3 2 1

2
2 1 0 1 0

( , )

0
P

s

I

s p s p s p s p s

K q s q s q s
e

K q s q s q q s q

τ

τ

−

Δ = + + + +

  ′ ′ ′+ + +    = 
 ′′ ′′ ′′ + + + +             

(2) 

 
where ( )P s and ( )Q s  are polynomials s with real coefficients 
and in terms of system parameters given below: 
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Note that secondary control and DR loops are assumed to have 
different PI controller gains so that impact of DR controller loop 
could be appropriately assessed.  As shown in Fig. 1, 
( , )PS ISK K  represent PI controller gains of the secondary 

control loop while ( , )P IK K  denote those of the DR control 

loop. It must be stated that ( , )PS ISK K  are tuned and fixed by 

the utility as to have desired frequency response without 
considering the DR control loop. 
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Fig. 1.   Block-diagram representation of single area-LFC 
system model with a DR control loop 

 
3. Computation of stability regions 

 
To identify the boundary of the stability region for a given 

time delay τ , we substitute s jω=  with 0ω >   and 

cos( ) sin( )je jωτ ωτ ωτ− = −  into the characteristic equation of 
(2) as follows: 
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Separating into the real and imaginary parts, we get a more 

compact form of (3) as 
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Setting both real and imaginary parts of (4) to zero, we get 
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The expressions for 1 1 1 2 2, , , ,A B C A B , and 2C  are as follows: 
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We then solve (5) for ( , )P IK K  to identify the stability 

boundary locus ( , , )P IK K ω  in the ( , )P IK K -plane. 
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This boundary locus represents a set of PI controller gains of 
DR loop for which the characteristic equation of (2) a pair of 
complex conjugate roots, s jω= ± with 0ω > , on the imaginary 

axis for a given time delay. The stability exchange occurs due to 
root crossing of the imaginary axis not including the origin. 
Such a boundary locus is defined as the Complex Root 
Boundary (CRB) of the stability region since the resulting 
instability is an oscillatory instability situation [15, 16].  

It is also possible that instability may when a real root of (2) 
moves from the negative left-half plane to the positive one thru 
the origin, 0s jω= =  as the controller gains vary. Substituting 

0s jω= =  into (3) we obtain the following condition for the 
root crossing thru the origin. 
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The boundary locus in (8) is known as Real Root Boundary 
(RRB) locus [15, 16]. Consequently, the CRB locus, 

( , , )PC IC cK K ω  in (7) and the RRB locus in (8) constitute the 

stability boundary locus and split ( , )P IK K -plane into stable 

and unstable regions. 
 

4. Results 
 

The section presents stability regions and verification studies 
using time-domain simulations. The parameters of the single-
area LFC system are as follows [8]: 
 
2 0.1667,  0.08 ,  0.4 , 3,g tH T s T s R= = = =  

0.015, 0.05, 0.05PS ISD K K= = =  

It has been reported that maximum time delay in the DR loop 
is around 0.5 sτ = [4, 8]. Therefore, time delay is chosen as 

0.5 sτ =
 
and stability region is obtained using (7) and (8) for 

the sharing factor of 0.8α = . The boundary of stability region 
shown in Fig. 3 consists of CRB and RRB locus defined by (7) 
and (8). This region provides a set of DR controller gains for 
which the LFC system will be stable. Time domain simulations 
are performed to illustrate the stability exchanges due to the 
crossing of CRB or RRB locus. Fig. 4 shows the frequency 
responses of the LFC system with three different DR controller 
gains. It is clear that the system is marginally stable when the 
controller gains are on the CRB locus, 
( 1.533, 1.501)P IK K= = as shown in Fig. 3. On the other hand, 

Fig. 4 clearly indicates the system exhibits oscillatory instability 
(growing oscillations) for the controller gain outside of the 
stability region, ( 1.533, 1.55)P IK K= =  

and oscillatory 

stability (decaying oscillations) for the PI gains inside the 
region, ( 1.533, 1.40)P IK K= = .  This instability is observed to 

the crossing of CRB locus. 
Note that the RRB is found as 0.2IK = −  using (8) for 

0.05, 0.8ISK α= = . The DR loop controller gains are chosen as 

0.5, 0.25P IK K= = − to the left of 0.2IK = −  vertical line to 

illustrate the exponential instability. Fig. 4 clearly presents 
exponential instability due to the crossing of the RRB locus. 

Stability regions are obtained for various values of the 
sharing factor α  to illustrate the impact of the DR loop on the 
shape and size of the regions. Fig. 5 shows stability regions for a 
range of the sharing factor, 0.2 0.8α = − when the delay is fixed 
at 0.5 sτ = . Recall that α  is the sharing factor (0 1)α< <  that 
determines weight of secondary control and DR control loops. 
Fig. 5 clearly illustrates that the size of regions is getting bigger 
as the share of the secondary control loop increases (or the share 
of the DR loop decreases) resulting in a large set of DR 
controller gains. 
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Fig. 2.  Stability region with CRB and RRB locus for 

0.8, 0.5 .sα τ= =
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Fig. 3.  Frequency response illustrating oscillatory instability for 

different DR loop controller gains around the CRB when 
0.8, 0.5 sα τ= =
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Fig. 4.  Frequency response illustrating exponential instability 
for 0.8, 0.5 sα τ= =  
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Fig. 5. Stability regions for various α

 
values when 0.5 sτ =  
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Fig. 6.  Effect of time delay on the stability regions for 0.6α =
 

 
6. Conclusions 

 
This paper has utilized an analytical graphical method to 

obtain stability regions in the DR controller gain space and to 
investigate the impact of DR loop on the frequency regulation 
Results indicate that stability regions become smaller as the 
sharing portion of the DR control loop increases due to the 
existence of a time delay in the DR loop. Moreover, increase in 
time delay causes a smaller region for a chosen scenario of 
control effort sharing. In order to efficiently integrate the DR 
loop into frequency regulation, one needs to perform a trade-off 
study between the control effort contribution of the DR loop and 
time delay observed in the loop. 
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