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ABSTRACT 

 Photovoltaic (PV) energy generation provides several advantages such as being harmless to the environment 

and renewable. A renewable energy represents growing grid-connected PV energy generation. In this regard, PV systems 

that supply power directly to the grid. The main components of a grid-connected PV (GCPV) system include a series-

parallel connection arrangement of the available PV panels and a power conditioning equipment in charge to extract and 

properly transfer the maximum available power present at the PV generator to the grid. In this paper describes a model of 

photovoltaic (PV) generation suitable for studying its interactions with the power system. Simulation results suggest that 

the maximum power point tracking part of the control system of the PV generator dominates the dynamic behavior of the 

system validate to the proposed model. 
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INTRODUCTION 

 Distributed power generation systems based on renewable energy sources are attracting the market. In this 

regard, grid-connected photovoltaic (PV) plants are becoming a common technology to generate energy and its 

penetration level is gradually increasing [1]. Microgrid, a recently emerging power technology, is expected to 

possess an increasing role in future power systems due to its immense advantages. The microgrid concept has been 

proposed as a solution to the problem of integrating several power generations without disturbing the utility, 

especially when renewable energy sources are utilized [2]–[4]. 

 The difficulties of a complete stability analysis mainly come from the analytical complexity of the PV 

system dynamical model. The PV array current-to-voltage characteristics with the irradiance and temperature and, 

PV inverter grid-connection. 

MOTIVATION AND PROBLEM STATEMENT 

 Several of the works dealing with grid-connected PV system configuration mainly the current loop design 

paying less attention to the voltage control loop design and the lacking of a complete stability analysis.  

 From a modelling point of view, the nonlinear time-variant model of the GCPV system has been taken into 

account when considering the controller. The GCPV inverter controller design is done assuming the PV generator as 

a constant voltage or current source. The usage of this nonlinear time-variant model enables a more complete 

stability analysis of the GCPV system. The standard control technique used in GCPV inverters based on two 
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cascaded control loops. It consists of two-loop control scheme comprises an outer loop controller and an inner loop current 

controller. A method to tune the parameters of the outer loop controller has been derived based on a sampled data linear 

model derived from the system’s energy-balance relationships. Two different controllers have been proposed as the inner 

current control loop, namely, a controller based on feedback linearization. The design methodology and valid operating 

range of these two controllers have been detailed. 

 A grid-connected photovoltaic (GCPV) system aims to transfer efficiently the solar irradiance energy, previously 

converted into electrical energy, to the utility grid. The GCPV system can be subdivided into two parts, the solar energy 

collectors/transducers and the power conditioning equipment.  

 

Figure 1: PV Cell Ideal Model 

 The current source Igc represents the light-induced current and the current flowing through the diode, id, can be 

derived from the equations of an ideal pn-junction:  

   �� = ����  	
�� �����
���

� − 1�                                                                                                                                     (1) 

Where η is the emission coefficient which depends on semiconductor material of the cell, I���is the reverse 

saturation current of the pn-junction and v� is the thermal voltage defined as 

  �� =  !�����
"�

                                                                                                                                                            (2) 

 Where, #$ and  %& are the Boltzmann constant and the electron’s charge and T()** represents the cell’s temperature 

respectively. 

 Based on the previous equations a PV cell one exponential model can be derived: 

   �+&,, = �-+ − ���� 	
�� �����
���

� − 1�                                                                                                                          (3) 

 Figures 2 show the constitutive curves of a PV cell defined by equation (3) for different values of temperature and 

solar incident irradiance. Two important electrical characteristics of the PV cell are observed in those figures: 

• That there is an operating point, marked in the figures with •, in which the PV cell generates more power than the 

other points for an specific curve; 

• That there are different maximum powers points for each curve. 
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Figure 2: PV Cell Curves with Constant irradiance 
                             (1000 Wm -2) and Different Values of Temperature 

The photovoltaic generator can be modeled by means of a function ./� : U → I, where the instantaneous voltage 

and current of the photovoltaic generator are denoted by �/�∈ U and �/� ∈ I respectively. It is assumed that U, I ⊂ R+ and 

therefore the output power of the photovoltaic generator can only be positive. More specifically function ./�0�/�1 = �/� is 

defined in the following  

 ./�0�/�1 = ᴧ − 30�/�1                                                                                                                                   (4) 

Where ᴧ ≥ 0 represents the part of the photovoltaic generator current that only depends on external variables. The 

last term of equation (4), 30�/�1, denotes the direct link between the voltage of the photovoltaic generator and its current; 

due to the intrinsic characteristics of the photovoltaic effect, function ρ is strictly increasing on U, i.e., if �/�4, �/�5 ∈ U 

and �/�4 < �/�5then 30�/�41< 30�/�51. Moreover, 30�/�1 can be defined as an exponential function is  

 30�/�1 = 6 
��07�/�1                                                                                                                                          (5) 

 Where 6 and 7 represent non-negative parameters of the photovoltaic generator. Throughout this document 

./�0�/�1 will be used instead of �/� in order to stress the fact that the current generated by the photovoltaic array, �/�, is not 

an independent source but depends on �/�.Referring to the equation of the PV cell, equation (3), the defined parameters 

, ᴧ, ψ and 7 can be defined in the following way: 

  ᴧ =  0�-+ + ��19/                                                                                                                                                                         (6) 

  6 = ��9/                                                                                                                                                                                       (7) 

  7 = :;
���

                                                                                                                                                                    (8) 

 Where 9�and 9/ are the number of PV panels connected in series and parallel, respectively. 

Power Conditioning System 

 It referred as grid-connected photovoltaic inverter, represents the interface that electrically connects a group of PV 

panels, i.e., the PV generator, with the utility grid. Consequently, it is the power conditioning system primary objective to 

guarantee the maximum power extraction from the PV generator and to deliver it efficiently to the utility grid.  

 This global objective can be decomposed in the following functional objectives related to the design of the power 

processor. To transfer the extracted PV power in the appropriate conditions. In order to accomplish this objective the 

power conditioning system must guarantee that: 
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• The power flows from the PV generators to the utility grid. 

• The power transfer is injecting AC current to the grid, given that the utility grid can be nearly as a AC voltage 

source. 

• A DC-AC power conversion is the PV array generates DC power and a AC output current is required. 

• The current injected into the utility grid is in phase with the grid voltage. Notice that the maximum active power 

transfer is fulfilled with a unity power factor. 

 A grid-connected PV system based on a single central inverter is one of the most prevailing configurations since, 

under uniform irradiance conditions of the PV panels, it represents a good trade-off between the extracted energy and the 

design complexity of the power inverter [5], [6], [7].  

 In the specific architecture considered PV panel are series-parallel connected to the input of a single full-bridge 

power inverter by means of a DC-link capacitor, as shown in Figure 3. Another interesting fact about this GCPV inverter 

circuit is that it can be found as output power stages in other configurations such as the widely used two stage boost-buck 

configuration ([11], [12], [8]) shown in Figure 3 and the multilevel configuration, mentioned in [1] and [13]. Due to this 

common power stage it is possible to extrapolate the central inverter controller design scheme to these other two 

configurations, at it is pointed out in [9], [10]. 

 

Figure 3: Single-Phase Single-Stage Grid-Connected Photovoltaic Inverter Schematic Diagram 

DESIGN OF GRID CONNECTED PV 

 The schematic diagram of the full-bridge central inverter configuration studied in the present work is shown in 

Figure3. Here �4 = �/� and �5 are the instantaneous input capacitor voltage and the output inductor current, respectively. 

The utility grid voltage �- is assumed to be sinusoidal with a constant amplitude A and a constant frequency ω, i.e., 

�- = <=�9(?@) .The full-bridge inverter consists of four switches controlled by a switching signal δ ∈ {0, 1} (i.e., OFF or 

ON respectively). Assuming that there is a control signal u ∈ {−1, 1} such that δ = BC4
5  

 Then the system dynamic equations can be written as D�4E = −F�5 + ./�(�4) 

  G�5E = F�4 − �-                                                                                                                                                                       (9) 

 Where ./�(�4)is given by (4). 

 The switching signal δ can also be generated via a pulse-width modulator (PWM) scheme with an input signal µ 

∈ [−1, 1] outputted by the controller. In this case, if the switching frequency is sufficiently high, the dynamical behaviour 

of the GCPV system can be approximated by the following set of differential equations: 

 DH4E = −μH5 + ./�(H4)                                                                                                                                           (10) 
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  GH5E = μH4 − �-                                                                                                                                                      (11) 

 Where H4 and H5 are the averaged values of �4 and �5, respectively. 

Equations (10) and (11) can be combined to obtain the following differential equation which is independent of the control 

signal, 

DH4H4E = ./�(H4)H4 − GH5H5E − H5E �-                                                                                                                       (12) 

 The previous equation will be referred in this document as the “power-balance equation”. As it will be shown, in 

equation(12) to be very useful when analyzing the system’s dynamic behavior. 

 The controllers designed under ideal conditions represent a good start for the development of more robust control 

schemes. Hence, a controller that assures the stability (local or global) of the GCPV inverter. 

 The following assumptions represent what is referred here as “ideal conditions”: 

 A1: The PV array is formed of identical PV panels under the same external stimuli, i.e., same irradiance and 

temperature. 

 A2: The PV array electrical behavior is described according to equation (4) where 6, 7 and ᴧ are known 

parameters. 

 A3: The grid voltage is sinusoidal, i.e., �- = <=�9(?@) where A and ω are constants. 

 The exact model and all the parameters of the system are considered known. Notice that under these assumptions 

the references values of the GCPV inverter that reaches a maximum power extraction from the PV array are also known. 

These maximum power extraction values can be set as the desired reference values but this won’t reflect the real behavior 

of the GCPV system when a MPPT. Consider the situation it would be desirable and analyzed ideal closed-loop system is 

able to extract any level of power from the PV array starting from any initial condition. Define the desired output current as 

H5
∗ = #�- = #<=�9(?@)                                                                                                                                       (14) 

 Where k is a positive constant. From equation (14) it is possible to infer that, if the system achieves its desired 

steady state, the delivered power will be proportional to k, given that the amplitude of the grid voltage, A, is fixed such as 

it was stated in assumption A.3., i.e., 

  KLM� �� = #<5(=�9( ?@))5 

Where KLM� �� is the power delivered to the grid when the desired steady state is reached. Hence, by setting the 

desired output current according to (14) we are in fact imposing an output level of power proportional to k.  

 B1. To deliver a sinusoidal output current in phase with the utility grid voltage, i.e., z5
∗  =  kvP where H5

∗ is the 

desired value of H5 and k is a positive constant. 

 The role of the scale factor k is explained in more detail in the following section by means of a brief steady-state 

analysis. 

Steady-State Analysis 

 Consider the steady-state relation of the GCPV inverter of Figure3 obtained from the power-balance equation (9),  
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H4��DH4��E = Ƥ(H4��) − #5<5G?=�9(?@)RS=(?@) − #<5 =�95(?@)                                                                                    (15) 

where H4�� is a T-periodic solution of (3.2), P(H4��) = ./� (H4��) H4�� represents the PV panel generated power, and it is 

assumed that the output current z2 has achieved its desired value, i.e., H5�� = H5
∗= k�- = kAsin(ωt). 

 In order to the role of k in the system’s steady-state behaviour, each term in equation (15) is averaged over one 

grid-cycle (T), i.e., 

 
4
� T H4��D =:�

(:U4)�
4
� T Ƥ(H4��):�

(:U4)� V@ −  4
� T #5<5G? =�9(?@) RS=(?@) V@ −  4

� T #<5 =�95(?@) V@:�
(:U4)�

:�
(:U4)�   

 The advantage of averaging over T is that many T-periodic terms disappear. Indeed, given that z˙1ss is an 

unbiased T-periodic signal, the average value of the first term of above equation is equal to zero. In a similar way, as 

indicated in the above expression, other sinusoidal terms disappear. As a result, the following relationship between the PV 

array power and k yields: 

4
� T Ƥ(H4��)V@ = K(H4��) WWWWWWWWWW = 0.5#<5:�

(:U4)�                                                                                                              (16) 

 Where the upper bar denotes an averaging function defined in the following way. 

 (∙) WWWW = T (∙)V\:�
(:U4)�  

 Denote Z1 as the time invariant value of H4�� that satisfies (16). Given that A is fixed (assumption A3), then k ∝ 

P(H4��),WWWWWWWWWW and hence the PV array power vs. Voltage curve (e.g. Figure 2 ) can also be interpreted as a scaled version of the k 

vs. H4 , curve as it is shown in Figure 4 Notice that this curve is a steady-state “averaged-like” representation of the state 

variables which simplifies the analysis of the system since the Time-dependent steady-state variables will oscillate around 

these values. 

 

Figure 4: Steady-State Relationship: Capacitor Voltage Time Variant  
Value (Z1) vs. Proportional Output Current Amplitud e k 

 In order to to study the behavior of the closed-loop system when two equilibrium points appear, the scale factor k 

is defined in such a way that the desired PV power is less than the maximum possible one. 

Simulation Study 

 A series of simulation results are presented throughout this chapter in order to study the closed-loop behavior of 

the GCPV inverter with the different proposed controllers. All of the simulations consider the GCPV inverter of Figure 7, 

with the parameters shown in Table 1, and assuming a utility grid with an amplitude of 312 V and a 50 Hz frequency. 

Additionally, the PV array is simulated in accordance with assumption A2 using the parameters listed in Table 2 . 
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Table 1: GCPV Inverter Parameters 

Parameter Symbol Value 

Capacitor C 2.2mF 

Inductor L 1mH 
 

Table 2: PV Array Parameters for 1000 Wm-2 Solar Irradiance 

Parameter Value 

Ʌ 6.1 
ψ 1.35
U` 
α 0.026 

 
The results of simulation cases are chosen in order to analyze the closed-loop dynamics of the system when a 

power level less than the maximum available power is extracted from the PV array. In this case, as shown in the previous 

subsection, the state variable Z1 can oscillate around two possible equilibrium points. Notice also that for a given value of k 

there are three possible ways in which the system can reach the steady-state value of Z1:.Based on the previous observation 

three simulation cases are considered in which the control objective C.1 is pursued with Z2 =kVg where k = 0.063. This 

desired reference value corresponds to an output power of 3066 W and a current amplitude of kA = 19.656 A. The initial 

condition for Z2 is the same in all the cases, Z2 (0) = 0. The simulation cases differ in the value of the initial condition for 

Z1 as detailed next. 

FEEDBACK LINEARIZATION CONTROLLER 

Controllers Designed 

 The design of the controllers presented in this section are primarily based on similar control schemes used for the 

full-bridge rectifier. In both cases the inductor current has to be in phase with the utility grid voltage and the capacitor 

voltage needs to be regulated to a desired DC value.In accordance with the previous, the first control scheme presented is 

based on the intuitive time-scale separation between the fast dynamics of the inductor current and the slow dynamics of the 

capacitor voltage. This idea, known as “singular perturbation methods”, has been described in [14] and [15] and enables to 

analyze the inductor current dynamics and the capacitor voltage dynamics separately under certain assumptions. In 

accordance with this idea, a feedback linearization based controller which leaves the capacitor voltage dynamics 

“unobservable” is designed. In order to overcome this problem the capacitor voltage dynamics is analyzed separately 

assuming the steady-state value of Z2 as it is described in detail in next Section. 

Controller Based on Feedback Linearization: 

 Feedback linearization transforms a nonlinear system dynamics into a linear one. It differs from conventional 

linearization in the sense that feedback linearization is achieved by exact state transformation. Feedback linearization 

amounts to cancel the nonlinearities so that the closed-loop dynamics is in a linear form. 

 In the case of the GCPV inverter, input-output linearization is applied. Input-output linearization aims to find a 

direct and simple relation between the system output and the control input. Recall the system dynamic equations (7) and 

(8) rewritten here for convenience, 

 DH4E = −μH5 + ./�(H4)                                                                                                                                            (17) 

 GH5E = μH4 − �-                                                                                                                                                       (18) 
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 And consider the system’s output y to be equal to the output current Z2. The system’s input is signal µ ∈ [−1, 1] 

which represents the modulator signal of the pulse width modulator. Notice, that it is possible to obtain an explicit 

relationship between the output y and the input µ differentiating the output once 

 aE = H5E = 4
b 0μH4 − �-1                                                                                                                                           (19) 

Defining a “new” control input w to be of the form ? = μH4                                                                                (20) 

 yields the following linear relationship between the system’s output, Z2, and the defined control input ? : 

 H5E = 4
b 0? − �-1                                                                                                                                                     (21) 

Notice that 

• By means of the input-output linearization, the dynamics of (17) and (18) are decomposed into an external part 

(the dynamics of the output current defined by (21)) and an internal “unobservable” part, i.e., the dynamics of the 

capacitor voltage. 

• The external part consists of a linear output relation between Z2 and w which makes it possible to use the well 

known linear control techniques. 

• The internal part needs to be analyzed in order to assure the stability of the closed-loop system. 

Linear Current Controller 

 This subsection presents the design of a linear controller for the previously obtained dynamics (21). First, the 

Laplace transform is applied to (21) 

 c5(=) = 4
�b (d(=) − e-(=))                                                                                                                                                (22) 

 

Figure 5: Current Control Structure for Feedback Li nearization System 

 Using the control structure depicted in Figure 5, where GL(s) represents the added controller, yields the following 

function in the Laplace domain for the output current,  

 c5(=) = f∗(�)gh(�)Uij(�)
�bCgh(�)                                                                                                                                                          (23) 

In agreement with assumption A.3 and control objective B.1 presented in Section III, the variables c5 and e-can 

be set to: 

 �-(@) = <=�9(?@) e-(=) = kl
�mClm 

 and H5
∗(@) = #<=�9(?@) c5

∗(=) =  kl
�mClm 
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 substituting these expressions into (23) yields 

 c5(=) =   klngh(�)Ukl
(�mClm)0�bCgh(�)1  =  kl

�mClm − o(=)                                                                                                           (24) 

Where  

 o(=) = klC kl�b
(�mClm)(�bCgh(�)) 

 According to (24), the output current will eventually track signal z5
∗  with no error  

 If  

 lim�→t ℒU4vH(s)y = 0. 

 Where ℒU4represents the inverse Laplace transform. 

 Notice that if zb(=) is designed in such a way that no zero-pole cancellation occurs, function H(s) will contain 

two complementary imaginary poles, namely, s = +jω, -jω, which in the time domain transaltes into a nonvanishing 

periodic component. On the other hand, if zb(=)is designed in order to cancel these two complementary imaginary poles, it 

is possible to obtain an expression of H(s) that only contains negative real poles. 

 For example, consider the following proposed linear controller, 

 zb = {| + }~�
�mClm = }�0�mClm1C}~�

�mClm                                                                                                                          (25) 

Substituting equation 25 into H(s) yields,o(=) = klC kl�b
b��C}��mC(blmC}~)�C}�lm                                                              (26) 

The polynomial (26) is stable as the Root-Hurwitz stability criteria reveals: 

 

 The controller of (25) assures that the output current will track with no error the reference signal z5
∗. The control 

parameters {|  and {� can be tuned to shape the output current transient response. 

 As stated initially, the control signal µ defined above should be restricted to the closed interval [−1, 1]. Thus, in 

order to guarantee the existence of µ, at least in the steady-state regime, the following condition should hold 

  −1 ≤ μ��(@) ≤ 1 

Where µ��(@) is the steady-state value of the control signal µ(t), i.e., 

 μ��(@) = b�m∗E C�j
��∗

 

Hence, in order to guarantee the existence of µ�� the following condition should hold: 
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−1 ≤ k
��

�1 + (#?G)5=�9 (?@ + �) ≤ 1 (27) 

Internal Dynamics 

 As mentioned previously, the effectiveness of this control approach hinges upon the stability of the internal 

dynamics, that is, for this specific case, the boundness of Z1. In order to analyze the internal dynamics of the system with 

the controller (25) it would be necessary to substitute the control signal µ for the control signal generated by (25) in the 

dynamics of the GPV inverter, that is, 

 μ = −{|
5(@) + ℒU4 � }~�
�mClm �5(=)� 

 DH4E = −μH5 + ./�(H4)      

 GH5E = μH4 − �- 

 Where 
5(@)= H5
∗-H5and �5(=)= ℒv
5(@)yThe study of the previous set of equations is quite burdensome and 

therefore a simpler way to analyzed the system’s internal dynamics is explored. 

SIMULATION RESULTS 

 The simulation cases described for the controller based on feedback linearization. The controller of equation (25) 

was simulated with the following parameters KP = KI = 500. These parameters values were selected in such a way that a 

fast transient response is obtained. 

Simulation Controller Based on Feedback Linearization 

 Case 1: The following figures show the results for the case 1. Notice that the current Z2 achieves its desired 

sinusoidal shape after a transient time shorter than a quarter of a grid period. On the contrary, the desired capacitor value is 

not achieve until t = 1.5s. The capacitor voltage stabilized in 576 V to the corresponding equilibrium point. 

 

Figure 6: Voltage across the capacitor (Z1) 

 

Figure 7: Current Injected into the Grid and Zoom window showing the Output Current ��
∗  
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Case 2: The figures below show the results for the case 2. Notice that the stabilization time is quite similar to the 

previous case. 

 

Figure 8: Voltage across the Capacitor (Z1) 

 

Figure 9: Current Injected into the Grid and Zoom Window showing ��the output Current ��
∗  

CONCLUSIONS 

 In different controllers have been analyzed for the single-phase single stage GCPV inverter under ideal 

assumptions. A set of simulation tests have been applied to the GCPV system using the controller. Summarizes the results 

obtained for different voltages test with controller as shown. The controller that was able to meet the control objectives in 

each simulation test. 

 According to the theoretical results this controller is globally asymptotically stable. Nevertheless, in practice all of 

this controller was tied up, due to the nature of the control signal it can only exists in the following range,−1 ≤ µ ≤ 1and, 

as it was mentioned previously, this condition can be approximated to Z 1˃A ,where A is the amplitude of the grid voltage. 

REFERENCES 

1. O. Alonso, P. Sanchis, E. Gubia, and L. Marroyo. Multilevel h-bridge converter for photovoltaic systems with independent 

maximum power poin tracking for each photovoltaic array. In European Power Electronics Conference, September 2003. 

2. M. Alonso-Garcia and J. Ruiz. A model for the series-parallel associaton of photovoltaic devices. Progress in Photovoltaics: 

Research and Applications, 14:237–247, 2006. 

3. J. Bayamba. Photovoltaics: An energy option for sustainable development. In 3rd Wolrd Conference on Photovoltaic Energy 

Conversion, May 2003. 

4. D. Biel, E. Fossas, F. Guinjoan, A. Poveda, and E. Alarcon. Application of sliding mode control to the design of a buck-based 

sinusoidal generator. IEEE Transactions on Industrial Electronics, 48(3):563–571, 2001. 



54                                                                                                                                                                         G.Kusuma & T.R.Jyothsna 

 
www.tjprc.org                                                                                                                                                                         editor@tjprc.org 

5. M. Calais, J. Myrzik, T. Spooner, and V. Agelidis. Inverter for single-phase gridconnected photovoltaic systems - an overview. 

In IEEE Power Electronics Special- ists Conference, volume 4, pages 1995–2000, 2002. 

6. S. Kjaer, J. Pedersen, and F. Blaabjerg. A review of single-phase grid-connected inverters for photovoltaic modules. In IEEE 

Transaction on Industry Applications, pages 1292–1306, 2005.  

7. M. Meinhardt. Past, present and future of grid-connected photovoltaic and hybridpowersystems. In Power Engineering Society 

Summer Meeting, volume 2, pages1283–1288, 2000. 

8. C. Meza, J.J. Negroni, F. Guinjoan, and D. Biel. Boost-buck inverter variable structure control for grid-connected 

photovoltaic systems. In IEEE International Symposium on Circuit and Systems, May 2005.  

9. C. Meza, J.J. Negroni, D. Biel, and F. Guinjoan. Considerations on the control design of dc-link based inverters in grid-

connected photovoltaic systems. In IEEE International Symposium on Circuit and Systems, May 2006. 

10. C. Meza, J.J. Negroni, D. Biel, and F. Guinjoan. Inverter configuration comparative for residential pv grid-connected systems. 

In IEEE International Conference on Industrial Electronics, pages 4361–4366, November 2006. 

11. S. Chiang, K. Chang, and Y. Yen. Residential photovoltaic energy storage system. IEEE Transactions on Industrial 

Electronics, 45(3):385–394, 1998. 

12. D. Cruz-Martins and R. Demonti. Photovoltaic energy processing for utility connected system. In 27th Annual Conference of 

the IEEE Industrial Electronics So- ciety, pages 1292–1296, 2001. 

13. J.J. Negroni, C. Meza, D. Biel, and F. Guinjoan. Energy-sampled data modelling of a cascade h-bridge multilevel converter 

for grid-connected pv systems. In IEEE International Symposium on Power Electronics, October 2006. 

14. P. V. Kokotovic. Applications of singular perturbation techniques to control problems. SIAM Review, 26(4):501–550, October 

1984. 

15. P. V. Kokotovic. Singular Perturbation Mehtods in Control: Analysis and Design.Academic, New York, 1986. 


