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Abstract—This paper investigates the issue of robust frequency 

regulation of single-area alternating current (AC) power 

applications. The robust stability and disturbance rejection 

performance criteria are considered in the design procedure of an 

output feedback controller. Four cases of single-area AC power 

systems, which comprise the different types of governors and 

generators, are considered. These components are modeled by 

first- and second-order transfer functions and exhibit 

non(minimum) phase behavior. Based on the uncertain linear 

transfer functions of the governors and generators, the resilient 

controller against uncertainties and unknown power load demand 

is designed numerically. Several numerical simulations are carried 

out to show the merits of the developed controller. Also, the effects 

of different types of governors and generators on the AC MG 

frequency deviation are also investigated.  

Keywords—Microgrid, Load frequency control, Robust control, 

Stability.  

I. INTRODUCTION 

Alternating current (AC) power systems are inherently 

fragile against the inconsistency of load demand and generated 

power which causes undesired devotions in frequency and main 

bus voltage. Though, in the AC system, voltage and frequency 

deviations can be studied separately, because of their different 

origin source and frequency bandwidth responses.  

This feature makes it possible to evaluate the AC system 

frequency arisen by small power inconsistency lonely. In this 

regard, the issue of regulating the output active power of 

generating components in response to frequency variations in 

AC power application is called load frequency control (LFC) 

[1]. The LFC is vital for the proper operation of AC power 

systems.  

The pioneer works on LFC were established by an integral 

controller. Though, choosing the integral gain high degrades the 

system performance leading into large fluctuations and 

overshoots [2]. Transient overshoot response and the steady-

state performances were simultaneously improved by 

suggesting a modified version of the integral controller in [3]. 

To further improve the results, fuzzy proportional-integral (PI) 

controllers were developed in [4] for the LFC problem.  

 

 

It was shown that equipping the PI controller with the 

differential feedback enhances the performance, resulting in 

several proportional-integral-deferential (PID) control 

approaches [5], in which tuning of PID for LFC was presented. 

However, as the size and intricacy of modern AC power 

applications are enlarged, the tuning of conventional PID 

controllers turns into an obstacle factor to design a proper 

controller for the nonlinear systems.  

Thereby, advanced control techniques were emerged dealing 

with the LFC, some of them are optimal [6], passivity-based [7], 

variable structure [8], adaptive and self-tuning [9], and 

intelligent [10,11] approaches. More recently, the LFC issue 

under new deregulated market [12], communication delay [2], 

[13], and new energy systems [14] received much attention. 

Although such advanced control methods were successful in 

satisfying the desired performances, the computational burden 

and complexity of such techniques have been reported as their 

common drawbacks [15]. 

Whereas a linear dynamical representation around a nominal 

operating point is utilized for designing an LFC, it is feasible to 

reduce the computational burden and keep the closed-loop 

performance high by advanced robust linear methods. These 

approaches including H∞ control [16], μ-synthesis approach 

[17], robust pole assignment approach [18] can assure robust 

stability and highly disturbance attenuation level of the AC 

power systems.  

This feature is gaining more and more attention, as practical 

power system nonlinear components act differently from their 

associated linear models. In other words, robustness and 

resiliency of control input become a key objective to achieve 

zero steady-state response as well as admissible transient 

frequency deviations.  

In [15,17], the �-synthesis approach was performed on 

stand-alone AC MGs islanded and ships. However, in those 

approaches, the generators together with their governors were 

modeled by first-order models, which degrades the accuracy and 

therefore the applicability of that control system. In [19], more 

complicated representations were used in the �-synthesis LFC 

design. However, limited representation of the governors and 

turbines studied in [19]. Many other components can be not 

modeled by those representations in [19]. 
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To sum up, this paper considers the advanced robust �-

synthesis approach to design a robust linear control to regulate 

the frequency in single-area AC power plants. In the typical case 

study, several representations of governor and generators are 

considered. More precisely, two hydraulic and mechanical-

hydraulic governors are studied, and three non-reheated, re-

heated, and hydro turbines are considered. These systems are 

modeled by first or second order and by minimum-phase or non-

minimum phase transfer functions. Several simulations and 

comparisons are provided to show the applicability and merits 

of the suggested advanced controller and the transient and 

steady-state performances of the AC MG power system 

deviation frequency response. 

This paper is continued as follows: In Section II, the LFC 

problem and the transfer function representations of the 

governors and turbines are provided. In Section III, the details 

of the robust �-synthesis controller are presented. In Section IV, 

four case-study simulations are conducted and the results of each 

case-study are compared with other cases. Section V ends this 

paper by evoking some concluding remarks and future 

perspectives. 

II. LFC PROBLEM 

Electric power systems comprise non-linear and complex 

dynamics and their complexity is increased if numerous 

generators and loads are connected to them. Though, for 

modeling purpose and secondary LFC issues, power plants are 

subjected to slight load power demand changes and the 

dynamics of the components can be characterized by linear 

models [20]. The open-loop schematic of a single-area AC 

power plant in which a generator delivers power to load in a 

single service area is illustrated in Fig. 1.  

As can be seen in Fig. 1, the valve incremental position, ��� , 

of a governor (with the transfer function ��) actuates a turbine 

unite (with the transfer function ��) whose output, ���, as well 

as the load incremental power change, ���, affects the AC MG 

frequency incremental change �� (with the transfer function �	). 

Moreover, two nonlinear blocks governor dead band (GBD) and 

generation rate constraint (GRC), and the droop control feedback 

1/� are added. The transfer function �(�) can be written as: 

�	(�) = �	
�	� + 1                                                                       (1) 

where �	 and � are electric system gain and time constant, 

respectively.  
 

 
 

Fig. 1: Block diagram of a single-area power system. 

Several representations for the selection of the governor and 

generator are suggested in the literature [21]. The most widely 

used transfer functions representations of the governor and 

generator are as follows:  

Case 1: If a hydraulic governor and a non-reheated turbine 

are involved in the single-area power plant, their corresponding 

transfer functions are as follows [20]: 

�� = 1
��� + 1                                                                           (2) 

�� = 1
��� + 1                                                                           (3) 

Case 2: Considering a hydraulic governor in (2) and a 

reheated turbine results in the following transfer function [20]: 

the reheated turbine is: 

�� = ���� + 1
(��� + 1)(��� + 1)                                                      (4) 

Case 3: For a hydraulic governor in the transfer function (2) 

and a hydro turbine, one has [21]: 

�� = 1 − ���
1 + 0.5���                                                                      (5) 

Case 4: For the case that a mechanical hydraulic governor 

and a hydro turbine are utilized, the following transfer functions 

are available [21]: 

�� = 1 + �!�
(1 + �!"�)(1 + ��"�)                                                  (6) 

�� = 1 − ���
1 + 0.5���                                                                       (7) 

By ignoring the nonlinearities of Fig. 1, including backlash 

and wind-up blocks (i.e. %&' and %�() [20], [21], the overall 

transfer function of the LFC problem can be obtained as: 

Δ�(�) = ��(*)+Δ��(�) − ��(�)��(�),(�)-
� + �(*)��(�)��(�)                       (8) 

The objective is designing a robust control law for the input 

signal ,(�) such that the output Δ� reaches zero in the presence 

of the external disturbance input Δ�� and parameters 

uncertainties of the transfer functions.  

III. �-SYNTHESIS METHOD 

In this paper, the robust control law is designed by the means 

of �-synthesis approach. In this design method, the control law 

is numerically calculated such that the robust stability and good 

tracking issue are met. The schematic of an uncertain system that 

is meant to be controlled by the �-synthesis technique is given 

in Fig. 2. As can be seen in Fig. 2, the overall closed-loop 

uncertain perturbed system is decomposed into three main inter-

connected blocks uncertainty Δ(s), nominal system %(�), and 

controller �(�), and two auxiliary blocks disturbance and 

tracking error weights 0�(s) and 01(�).  

, 
��(�) ��(�) �	(�) 

Δ��  Δ��  

Δ�� 

─ 
+ 

Δ� 

─ 
+ 

%2345625 �,57864 9:�ℎ864 

1/� 

&522< �ℎ:5:�=458�=8� 

%'& %�( 
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Fig. 2: The LFC scheme of the power system. 

 

The first two blocks (i.e. Δ(s) and %(�)) are obtained on the 

basis of the case study transfer function. The conservativeness 

of the �-synthesis is reduced by involving the frequency 

information of the system disturbance input and output by the 

weighting functions 0�(s) and 01(�).   

Moreover, >(=) and ?(=) are the auxiliary information-free 

disturbance input and output vectors, respectively and  Δ�� is the 

desired system output reference. For the ease of presenting the 

�-synthesis formulation, two further notations uncertain open-

loop %@(�) and nominal closed-loop system 9�A(�) are also 

given in Fig. 2.  

Now, the controller block �(�) must be obtained in a way 

that the nominal closed-loop system 9�A(�) is robustly stable 

against the uncertainties �(�); and also, the axillary tracking 

error ?(=) is inflicted from the axillary disturbance vector >(=) 

as low as possible. For the robust stability, it is necessary to have 

the constraint |C − 9�A(�)Δ(s)| D 0. To check this constraint, 

the maximum admissible uncertainty Δ(s) should be found. This 

issue is feasible by introducing the �-function �@+9�A(�)- as 

[15,17]: 

�@ = 1
min@(*) Hσ(Δ): |C − 9�A(�)Δ| = 0 & Δ ∈ Δ(�)M       (9) 

If the �-function �@+9�A(�)- is minimized, then the 

maximum admissible uncertainty is obtained. On the other 

hand, this minimization does not have an analytical solution and 

should be solved numerically by the so-called D-K approach 

[15]. The D-K approach offers an iterative method in which 

minimization of (9) is replaced by:  

minA(*) O minP(QR)S&(TU)9+%(TU), �(TU)-&WX(TU)SYZ        (10) 

The other desired performance should be considered is 

having good tracking and a disturbance rejection action. To 

achieve this objective, the following constraint must be 

involved in the design procedure [15], [17]: 

[86 \]� @̂_1
� �̂`

a\ b 1                                                                (11)  
where the transfer functions � �̂` and � @̂_1 relates the axillary 

disturbance input >(=) to the axillary tracking error ?(=) and 

the desired system output reference Δ�� to the tracking error 

4(=), respectively.  

The optimization problem (11) minimizes the effects of 

auxiliary disturbance inputs and the desired reference on the 

tracking error are diminished. To have both robust stability and 

good tracking at the same time in the controller design 

procedure, (10) and (11) should be considered. 

IV. RESULTS AND DISCUSSIONS 

In this part, the �-synthesis method presented in Section III 

is applied to robustly stabilizes each of the cases presented in 

Section II.  

The power variation of the load demand is given in Fig. 3, 

which is used as disturbance input in the closed-loop system 

simulations of all cases. 

Case 1: For the transfer functions (2) and (3) and the 

parameters given in Table I, the closed-loop output and control 

input signals are illustrated in Fig. 4. The achieved results 

demonstrate that the suggested controller makes the frequency 

deviation zero about 5 seconds after a change in the power load. 

Case 2: In this case, the �-synthesis approach is applied to 

the power plant with transfer functions (2) and (4) with the 

uncertain parameters presented in Table II. The power System 

frequency deviation and the exerted control input signal as 

illustrated in Fig. 5. Simulation results of Fig. 5 illustrate that the 

hydro turbine has a slower response than the (non)reheated 

generator and it takes about 8 seconds to damp the frequency 

deviation. Comparing with the results of a non-reheat generator 

in case 1, the non-reheat generator leads to a smaller frequency 

deviation in the power system. 

Case 3: In this case, the �-synthesis technique is utilized for 

the power plant with transfer functions (2) and (5) and the 

uncertain parameters presented in Table III. The power system 

frequency deviation and the exerted control input signal, as well 

are illustrated in Fig. 6. 

 

 
Fig. 3: Power fluctuation in the load demand. 

TABLE I: Power system parameters’ nominal values with 

uncertainty bounds-case 1. 

Parameter Value Parameter Value 

�� 0.08  � � 2.4 c 50%  Hz/p. u. MW 

�� 0.3 s �	 120 c 50%    � 
�	 6  �   

 

Δ�� 

 0�  Δ��  

 

> 

? 01  

Δ(�) 

Δ� 

,(=) 

%@(�) 

9�A(�) 4(=) 

%(�) 

�(�) Σ 

+ 

− 
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Case 4: In this case, the �-synthesis technique is used to 

stabilize the plant with transfer functions (6) and (7) and the 

uncertain parameters presented in Table IV. The power system 

frequency deviation and the exerted control input signal as 

illustrated in Fig. 7. Fig. 7 reveals that if a mechanical-hydraulic 

governor replaces the conventional hydraulic one, the amplitude 

of the frequency deviation is reduced, effectively. 

 

 
(a) 

 
(b) 

 

Fig. 4: Case 1 (a). Frequency response and (b). control input. 

 

 
(a) 

 
(b) 

 

Fig. 5: Case 2 (a). Frequency response and (b). control input. 

TABLE II: Power system parameters’ Nominal values with 

Uncertainty bounds- case 2. 

Parameter Value Parameter Value 

�� 4.2  � � 2.4 c 40%  Hz/p. u. MW 

�� 0.3 s �	 120 c 40%    � 
�	 20 � � 0.35 

 

 

 
(a) 

 
(b) 

 

Fig. 6: Case 3 (a). Frequency response and (b). control input. 

 

 
(a) 

 
(b) 

 

Fig. 7: Case 4 (a). Frequency response and (b). control input. 
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TABLE III: Power system parameters’ Nominal values with 

Uncertainty bounds- case 3. 

Parameter Value Parameter Value 

�� 0.08  � �k 1 s 

�� 0.3 s � 2.4 c 50%  Hz/p. u. MW 
�	 6 � �	 120 c 50%    � 

TABLE IV: Power system parameters’ Nominal values with 

Uncertainty bounds- case 4. 

Parameter Value Parameter Value 

��" 0.513  � �! 5 s 

�!" 48.7 s � 2.4 c 50%  Hz/p. u. MW 
�	 20 � �	 120 c 50%    � 

V. CONCLUSION 

In this paper, the problem of robust LFC in a typical single-

area AC power application was studied. Three performances 

such as the robust stability, disturbance rejection, and good 

tracking were used in the �-synthesis to design the controller 

offline. Four cases of single-area AC power systems including 

(mechanical)hydraulic governors and (non)reheated/hydro 

turbines are considered. These components are modeled by non-

minimum first- or second-order transfer functions. Simulation 

results showed the merits of the developed robust controller. 

They revealed that a mechanical-hydraulic governor improves 

the system response over a hydraulic governor. Additionally, the 

transient responses of the non-reheated and the reheated turbine 

are almost the same. For future work, considering two-area and 

more-area power plants could be interesting.  

VI. REFERENCES 

[1]  R. Shankar, S. R. Pradhan, K. Chatterjee, and R. Mandal, “A 

comprehensive state of the art literature survey on LFC 

mechanism for power system,” Renew. Sustain. Energy Rev., 

vol. 76, pp. 1185–1207, Sep. 2017, doi: 

10.1016/j.rser.2017.02.064. 

[2]  N. Vafamand, MH. Khooban, T. Dragičević, J. Boudjadar, and 

MH. Asemani, “Time-delayed stabilizing secondary load 

frequency control of shipboard microgrids”, IEEE System 

Journal, vol. 13, no. 3, pp. 3233-3241, Nov. 2019. 

[3]  R. Kumar Sahu, S. Panda, A. Biswal, and G. T. Chandra Sekhar, 

“Design and analysis of tilt integral derivative controller with 

filter for load frequency control of multi-area interconnected 

power systems,” ISA Transactions, vol.61, pp. 251–264, Mar. 

2016. 

[4] R. K. Sahu, S. Panda, and G. T. Chandra Sekhar, “A novel 

hybrid PSO-PS optimized fuzzy PI controller for AGC in multi 

area interconnected power systems,” International Journal of 

Electrical Power & Energy Systems, vol. 64, pp.880–893, Jan. 

2015, doi: 10.1016/j.ijepes.2014.08.021.  

[5]  A. Khodabakhshian and M. Edrisi, “A new robust PID load 

frequency controller,” Control Eng. Pract., vol. 16, no. 9, pp. 

1069–1080, Sep. 2008, doi: 10.1016/j.conengprac.2007.12.003. 

 

[6]  S. Trip and C. De Persis, “Distributed Optimal Load Frequency 

Control with Non-Passive Dynamics,” IEEE Trans. Control 

Netw. Syst., vol. 5, no. 3, pp. 1232–1244, Sep. 2018, doi: 

10.1109/TCNS.2017.2698259. 

[7]     S. Trip, M. Cucuzzella, C. De Persis, A. van der Schaft, and A. 

Ferrara, “Passivity-Based Design of Sliding Modes for Optimal 

Load Frequency Control,” IEEE Trans. Contr. Syst. Technol., 

vol. 27, no. 5, pp. 1893–1906, Sep. 2019, doi: 

10.1109/TCST.2018.2841844. 

[8]  Q. Li, W. Yang, L. Yin, and W. Chen, “Real-Time 

Implementation of Maximum Net Power Strategy Based on 

Sliding Mode Variable Structure Control for Proton-Exchange 

Membrane Fuel Cell System,” IEEE Trans. Transp. 

Electrification, vol. 6, no. 1, pp. 288–297, Mar. 2020, doi: 

10.1109/TTE.2020.2970835. 

[9]  M.-H. Khooban, MR Khalghani, E. Mahboubi-Moghaddam, N. 

Vafamand, and M. Goodarzi, “A self-tuning load frequency 

control strategy for microgrids: Human brain emotional 

learning”, International Journal of Electrical Power & Energy 

Systems, vol. 75, pp. 311-319, Jan. 2016. 

[10]  O. Singh and I. Nasiruddin, “Optimal AGC regulator for multi-

area interconnected power systems with parallel AC/DC links,” 

Cogent Engineering, vol. 3, no. 1, Jul. 2016, doi: 

10.1080/23311916.2016.1209272. 

[11]  M.-H. Khooban et al., “Robust Frequency Regulation in Mobile 

Microgrids: HIL Implementation,” IEEE Syst. J., vol. 13, no. 4, 

pp. 4281–4291, Dec. 2019, doi: 10.1109/JSYST.2019.2911210. 

[12]  Lili Dong and Yao Zhang, “On design of a robust load frequency 

controller for interconnected power systems,” in Proceedings of 

the 2010 American Control Conference, Baltimore, MD, Jun. 

2010, pp. 1731–1736, doi: 10.1109/ACC.2010.5531492. 

[13]  C.-K. Zhang, L. Jiang, Q. H. Wu, Y. He, and M. Wu, “Delay-

Dependent Robust Load Frequency Control for Time Delay 

Power Systems,” IEEE Trans. Power Syst., vol. 28, no. 3, pp. 

2192–2201, Aug. 2013, doi: 10.1109/TPWRS.2012.2228281. 

[14]  A. Abazari, H. Monsef, and B. Wu, “Coordination strategies of 

distributed energy resources including FESS, DEG, FC and 

WTG in load frequency control (LFC) scheme of hybrid isolated 

micro-grid,” International Journal of Electrical Power & 

Energy Systems, vol. 109, pp. 535–547, Jul. 2019, doi: 

10.1016/j.ijepes.2019.02.029. 

[15] K. Torabi-Farsani, M. H. Asemani, F. Badfar, N. Vafamand, and 

M. H. Khooban, “Robust Mixed $\mu$ -Synthesis Frequency 

Regulation in AC Mobile Power Grids,” IEEE Trans. Transp. 

Electrification, vol. 5, no. 4, pp. 1182–1189, Dec. 2019, doi: 

10.1109/TTE.2019.2960637. 

[16]  A. D. Rosaline and U. Somarajan, “Structured H∞ Controller for 

an Uncertain Deregulated Power System,” IEEE Trans. Ind. 

Applicat., vol. 55, no. 1, pp. 892–906, Jan. 2019, doi: 

10.1109/TIA.2018.2866560. 

[17]  H. Bevrani, M. R. Feizi, and S. Ataee, “Robust Frequency 

Control in an Islanded Microgrid: H∞ and μ-Synthesis 

Approaches,” IEEE Trans. Smart Grid, pp. 1–1, 2015, doi: 

10.1109/TSG.2015.2446984. 

[18]  A. Bensenouci and A. M. A. Ghany, “Mixed H&#x0221E;/H2 with 

pole-placement design of robust LMI-based output feedback 

controllers for multi-area load frequency control,” in 

EUROCON 2007 - The International Conference on “Computer 

as a Tool,” Warsaw, Sep. 2007, pp. 1561–1566, doi: 

10.1109/EURCON.2007.4400287. 

 

Authorized licensed use limited to: b-on: UNIVERSIDADE DO PORTO. Downloaded on July 30,2021 at 17:13:16 UTC from IEEE Xplore.  Restrictions apply. 



[19]  W. Tan and Z. Xu, “Robust analysis and design of load 

frequency controller for power systems,” Electric Power 

Systems Research, vol. 79, no. 5, pp. 846–853, May 2009, doi: 

10.1016/j.epsr.2008.11.005. 

[20]  S. Saxena, “Load frequency control strategy via fractional-order 

controller and reduced-order modeling,” International Journal 

of Electrical Power & Energy Systems, vol. 104, pp. 603–614, 

Jan. 2019, doi: 10.1016/j.ijepes.2018.07.005. 

[21]  Y. Arya, “AGC of restructured multi-area multi-source 

hydrothermal power systems incorporating energy storage units 

via optimal fractional-order fuzzy PID controller,” Neural 

Comput. & Applic., vol. 31, no. 3, pp. 851–872, Mar. 2019, doi: 

10.1007/s00521-017-3114-5. 

 

Authorized licensed use limited to: b-on: UNIVERSIDADE DO PORTO. Downloaded on July 30,2021 at 17:13:16 UTC from IEEE Xplore.  Restrictions apply. 


		2021-07-27T14:30:36-0400
	Preflight Ticket Signature




