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1Abstract—In this paper, a novel adaptive control method is 

presented, aimed at robustifying the terminal voltage of the 

photovoltaic generator, interfaced by the current-mode-

controlled buck DC-DC converter load, and based on 

conductance estimation. The photovoltaic generator, which is 

integrated into the buck converter and a battery storage unit, 

is continuously affected by the operating point of the system 

and environmental variables, thus presenting a nonlinear 

behavior. Furthermore, the development of small-signal 

equations reveals a potentially unstable condition when the 

system is used as a micro-grid with a battery storage unit. This 

study shows that when the nonlinear behavior of the 

photovoltaic generator is combined with a typical nominal 

controller, designed for a single nominal operating point and 

due to the possibility of an unstable condition, it forces the 

controller to operate mostly outside the nominal operating 

point. These conditions result in significantly varied closed-

loop performance. In contrast, an almost perfect loop gain 

performance can be achieved when implementing an adaptive 

controller based on an online conductance estimation method. 

Applying estimator results and injecting its value in real-time 

into the inverse-based plant controller results in an adaptive 

controller. Therefore, the closed-loop performance of the 

system integrated with an adaptive controller achieves an 

almost nominal response throughout the operating range. 

 

 Index Terms—PVG; Adaptive controller; Estimator; 

Microgrid.  

I. INTRODUCTION 

Renewable energy-based systems, such as photovoltaic 

generators (PVG) [1], are based on the extraction of the 

maximum possible energy [2] from a solar source [3] by 

exploiting a wide range of maximum power point tracking 

(MPPT) algorithms [4]. However, particularly in the last 

decade, due to significant progress in microgrid concept 

development [5], photovoltaic energy generators are now 

required to operate at a wide range of operating points [6], 

in addition to the maximum power point (MPP) [7]. 

Consequently, matching generation and consumption levels 
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in isolated microgrids [8] are of primary importance [9]. 

Studies have shown that the properties of the source 

significantly influence the dynamics of the power converter 

[10]. One of the variables subject to significant variation 

due to different operating points is the dynamic resistance of 

PVG. Hence, the dynamics of the combined PVG-converter-

load system undergoes substantial changes. 

Nowadays, due to significant developments in computing 

and electronics, there is an increasing requirement for more 

reliable power electronics systems with high efficiency and 

consistent responses [11]. Furthermore, renewable energy, 

which is commonly controlled by power electronics and 

requires maximum quality and efficiency, shows an 

advanced improvement and significant advancement in 

technology, such as in the electric vehicle industry and 

renewable energy, leading to extensive growth in 

performance and technology [12]. Consequently, rapid 

progress in developments calls for enhanced accuracy and 

performance [13] and robust photovoltaic generation 

systems [14]. Recent extensive storage capability 

developments have reduced the size of power electronics 

devices and increased their efficiency, accelerating the 

development of microgrids. As a result of this progress, and 

in contrast to the conventional way of relying only on 

MPPT control, new requirements for renewable energy 

sources are now in demand [15]. A storage unit, such as a 

Lithium-ion battery requires compatibility between power 

generation [16] and demand [17] when implemented in 

independent power generation systems [18]. As a result, 

from the control perspective, the system presents major 

challenges [19]. 

Many studies have already established that the operating 

voltage of the photovoltaic generator is determined by the 

variables of environmental conditions and directly 

determines the output power [20]. Consequently, the 

internal resistance of the PVG is dramatically altered due to 

its direct dependence on environmental conditions and 

operating points [21]. Therefore, implementing a nominal 

linear controller in a PVG-converter-load system, which is 
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designed with a single nominal point, will result in 

significantly different closed-loop performance [22]. By 

contrast, when a controller-based disturbance observer is 

implanted, the response will be constant, but nominal. That 

is, the response rate and shape will be according to the 

worst-case scenario, which is the least optimal to maintain 

stability throughout the operating range [23]. Therefore, 

from a control perspective, the use of the Buck converter 

forces the system to choose the lower permitted PVG 

voltage [24] and not the common operating point, which is 

around MPP. To track the changes in real-time of the 

dependency of the variable PVG-converter-load on the 

operating point, an implementation of an adaptive control 

method is required to achieve consistent and nominal 

closed-loop performance [25] throughout the whole 

operation range [26]. 

In this paper, adaptive control is demonstrated for online 

dynamic conductance estimation based on the PVG-buck 

power stage-load. Additionally, we take into account the 

stability problems that arise from the use of a buck 

converter. Also, our study responds to the need to reshape 

the plant according to small-signal analysis results for 

simple implementation. In control design, the goal is to 

achieve perfect loop gain by using the inverse plant as the 

controller base. However, in this case, due to a significant 

change of the dynamic conductance along with the 

operation range and the possibility of a right pole formation, 

the inverse plant cannot be directly used to construct this 

type of controller. Therefore, an online adaptive method 

should be implemented to handle the uneven response and 

the right pole. The adaptive controller base is the estimator, 

which evaluates dynamic conductance in real-time and 

injects the estimated value into the controller. Hence, by 

adapting the controller variable values in real-time to the 

operating point, the voltage control loop can interface with 

the actual plant and regulate it with an inverse plant-based 

controller. Additionally, to solve the influence and 

appearance of the right pole and ensure stability in any case, 

a small constant, based on static conductance of the 

minimum operating point and exerting a minor influence on 

the overall response, is added to the controller.  

In this work, the dynamic conductance estimator is 

implemented using the method presented in [4], on a 

modified and reduced plant due to system complicity and 

right pole feasibility. Consequently, a fast and accurate 

estimation of the main component, internal resistance, and 

modification of the controller value in real-time actually 

creates an inverse nominal plant almost identical to the 

actual inverse plant, although it depends on the operating 

point and environmental conditions. Thus, it maintains an 

almost constant closed-loop performance throughout the 

operating range. 

The rest of the paper is organized as follows. The system 

description is given in Section II. The problem formulation 

is given in Section III. The estimator method is given in 

Section IV. Adaptive control principles, implementation, 

and verification are given in Section V. The paper is 

concluded in Section VI. 

II. SYSTEM DESCRIPTION 

PVG is typically interfaced by a buck-boost or boost 

converter due to stability issues and simple plant 

components. On the contrary, this paper illustrates the 

applicability of a buck power stage (BuPS). A PVG-BuPS-

Load control structure is usually assembled from two loops: 

an external voltage loop and an internal current loop (with 

which it is commonly integrated), mainly to construct 

overcurrent protection, reduce system order, and increase 

robustness. Such a cascaded control structure is shown in 

Fig. 1. To analyze the PVG-BuPS-Load system, a voltage 

loop small-signal analysis is formed. Due to the slow 

variation of the load properties [27], the dynamic is mainly 

dependent on the PVG and the converter. In addition, the 

limitation of interfacing a buck converter in a microgrid, 

which is built to charge a battery storage unit, should be 

considered [28]. For safety reasons, the battery’s upper limit 

voltage of operation should be taken into account since it 

determines the PVG minimum voltage of operation. That is, 

the internal voltage of the buck converter must be higher 

than the output voltage, thus practically determining the 

minimum possible PVG operating voltage. 

 
Fig. 1.  System control structure. 

III. PROBLEM FORMULATION 

The system under consideration is shown in Fig. 2, when 

the PVG is connected to the internal BuPS capacitor CI. In 

general, the PVG is terminated by a DC-AC inverter 

connected to the grid, whereas in this paper a DC-DC buck 

converter is used as part of an autonomous system, being 

connected to a battery storage unit when the overall system 

is used as a portable Lithium-ion battery charger. Taking 

advantage of this kind of system to charge a battery storage 

unit means that the load is of a voltage source type and can 

be represented by a Thevenin equivalent circuit with slowly 

varying parameters [27]. 

DC

DC

+

VPV

-

LOAD

PVG Buck Converter

CI CO

IOIPV

 
Fig. 2.  PVG interfaced with the Buck converter. 

To represent the PVG in electrical form, an equivalent 

circuit diagram is offered in Fig. 3(a). The components that 

illustrate the PVG equivalent model are IPV as the 

photocurrent source, with RSH as the shunt resistance, and 

CPV as the capacitance, respectively. RS is the series 

resistance, and ID illustrates the recombination loss current 

[29]. 
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Fig. 3.  PVG equivalent circuit: (a) Detailed; (b) Norton. 

Although Fig. 3(a) shows a typical and straightforward 

PVG electrical representation, where RSH and RS are 

commonly considered as constants, in reality, RSH is 

irradiance-dependent and, additionally, a component that 

cannot be measured directly and has a significant influence 

is the dynamic resistance, RD. RD is produced as a result of 

recombination losses, which are current temperature 

dependent and must be considered. The recombination loss 

current can be presented in a general form as  

 
0 exp 1 ,PVG S PVG

D k

k k T

V R I
I I

V

  
    

  
  (1) 

with Iok, ak, and VT denoting the reverse saturation current, 

the ideality factor of the kth diode, and the thermal voltage, 

respectively. 

Consequently, the equivalent Norton resistance RPV will 

be shaped by the resistance and recombination current. 

Hence, it can be represented as the dynamic resistance 

(irradiance G0 and temperature T0 dependent) Norton 

equivalent 

 
0 0( , ) || .PV S SH DR G T R R R   (2) 

To calculate the Norton equivalent, the capacitor CPV can 

be neglected, mainly due to its small scale and due to the 

elimination by the internal capacitor of the converter. Thus, 

after considering all the given components, a PVG dynamic 

Norton equivalent circuit, environmental variables, and 

operating point dependence can be applied (see Fig. 3(b)). 

The second part of the integrated PVG system is the DC-

DC buck converter, where the electric model (a) and the 

average model (b) are presented in Fig. 4. The switching 

cycle of the electric model is illustrated as the current and 

voltage sources, dependent on the duty cycle, as shown in 

the average model. 
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Fig. 4.  Buck converter, (a) electric (up) and (b) average (down) models.  

Complementary to the integrated system is the 

load/storage unit, which commonly uses a Lithium-ion 

battery in microgrid concepts and portable battery charger 

PVG-based systems. Therefore, it is exploited in this paper 

due to its extensive use and characteristic features. The 

electric battery model is shown in Fig. 5, and the equivalent 

electrical circuit is built from the internal resistance RB and 

the voltage source VB with a slow variation. The internal 

resistance RB possesses a small-scale value, and so the 

voltage drop on RB is directly influenced by the overall 

battery voltage when charging or discharging, respectively, 

to the current. 

DC

RB

VB

 
Fig. 5.  Battery Thevenin equivalent. 

Integrating all the components of the electric models 

allows one to construct a PVG-BuPS-Load average model 

system; see Fig. 6, where L and d represent converter 

inductor and duty cycle, respectively, while CI and Co are 

internal and external capacitors, respectively, VI and Vo are 

converter internal and external voltages, and IL is inductor 

current, IPV and RPV are the PVG Norton parameters, while 

RB and VB denote load Thevenin parameters. 

DC

R
P

V

dIL

CI Co

RB

+

- dVI

Ipv L

PVG Buck 

Converter

Battery

VB+

-

IL

VI

+

-
VO

 
Fig. 6.  An average model of the combined PVG-BuPS-Load system. 

Analyzing a small-signal average model, assuming 

continuous conduction mode according to the formula 

developed in [24], yields the following set of equations: 
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This set can be linearized around an operating point given 

by: 
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 (4) 

Keeping in mind the order of the loops of the control 

structure and the need to meet bandwidth requirements, 

when CV and CC are the voltage control and current control, 

respectively, as shown in Fig. 1, and if the current loop is 
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appropriately closed and its bandwidth is much higher than 

the voltage loop bandwidth, perfect current tracking may be 

assumed 

 *( ) ( ).L Li t i t  (5) 

Substitution of (5) into (3), using the Laplace transform 

and rearranging the results, gives 

 
* 1 1

( ) ,

L

i I

L i PV s

I
D Ls

v V
s

i C s R R 



 
 

 (6) 

with 

 1 .L

s

I

I
R D

V

   (7) 

Close examination of the receiving transfer function (6) 

enables prominently to see the minus sign of the 

denominator. Hence, the influence of RPV and RS values on 

the transfer function stability is of prime importance. Also, 

as mentioned, their values undergo dramatic changes due to 

ongoing changes of operating point and environmental 

conditions. Consequently, due to the variables that possess 

the stability of the dominator, their sum values can lead to 

an unstable pole when the operating point is on the lower 

voltage side of the PV curve. Hence, a careful design is 

needed if the load is a Lithium-ion battery, in which case, 

the upper and lower limits of the safety battery voltage 

should be considered. These limitations require ongoing 

adjustment in the operation of the PV voltage, which 

practically yields a variety of responses, depending on the 

position of the operating point. Hence, the system response 

does not possess a nominal response and practically shifts 

from overdamped to underdamped to the point of instability. 

A reshaped transfer function, combined with a real-time 

adaptive controller, is presented in this paper to overcome 

the controlling complexity through the entire range of 

operation. 

First, it should be acknowledged that the converter output 

voltage parameter is restricted between two boundaries, 

which are determined by the load, which in our case is a 

Lithium-ion battery. Due to physics and safety reasons, the 

upper and lower voltage limits must be kept, a limitation 

that directly influences the PVG output voltage. 

Accordingly, this effect directly influences the BuPS input 

voltage. That is, the fact that the PVG voltage dynamic is 

mainly influenced by environmental conditions and the 

operating point over the I-V curve must be considered. 

Traditionally, a large capacitor is used to eliminate these 

influences when using a DC/DC converter or when the 

maximum power was the controlling target. However, 

considerable research has gone into reducing the capacitor 

size and consequently reducing the system size. 

Consequently, there has been a significant improvement in 

the overall life of the system, mainly due to the use of 

ceramic capacitors. Therefore, when using a PVG and a 

Lithium-ion battery as a sink, internal dynamics produce a 

major effect on the shape of the PVG response, despite the 

use of a large capacitor [28].  

Analyzing a normalized standard, the random PVG I-V 

curve for haphazard temperature T0 and irradiance G0 is 

shown in Fig. 7. 

 
Fig. 7.  PVG I-V curve. 

It is possible to split the I-V curve into two parts due to 

different behavior before and after the MPP point. As is 

clearly shown, the PVG conducts itself as a current source 

(Cs) (blue arrow) at voltages before the MPP voltage and as 

a voltage source (Vs) (yellow arrow) at voltages after it. The 

significant difference in performance directly influences the 

internal resistance values; that is, the current source 

possesses a high dynamic resistance compared to the 

voltage source area. 

When studying the receiving transfer function (6) from a 

stability perspective, an unstable pole can occur at 

 1 1( ) 0.PV sR R    (8) 

In this paper, an autonomous charging system is used. 

Therefore, the RPV will fluctuate considerably due to the 

dependency on the operating point. Consequently, the 

outcome of ( 1 1

PV sR R  ) will determine the stability and 

response of the system. Hence, two major drawbacks need 

to be solved for creating a perfect loop gain controller of the 

form 

 1( ) ( ).cC s P
s

    (9) 

These are to maintain stability and to estimate dynamic 

resistance throughout the operating range. Therefore, careful 

design and adaptive mechanisms should be used and 

implemented. When considering the operating range limits 

of an autonomous system, a storage unit such as a Lithium-

ion battery significantly influences the PVG operating point 

due to safety limits. Consequently, one needs to consider the 

buck converter properties, whereas the upper voltage safety 

boundary of the storage unit (VBmax) actually states the 

minimum PVG voltage of operation, see Fig. 7. Therefore, 

the adaptive controller should be designed to hold stability 

all over the operating range and reflect the designed 

response no matter what the conditions are. Due to the 

significantly complex plant of the PVG-BuPS-Load and the 

requirement to implement it in an inverse way into the 

perfect loop gain controller, a few system plant 
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manipulations are needed. By doing so, a reduced and 

simpler plant is achieved. However, the reduced plant 

should perform identically to the original plant in the 

bandwidth of interest. The transfer function can be written 

as follows 

 
*

1 1

1 1

(1 )

( ) ,

( )(1 )

L

i I

iL
PV s

PV s

LI
D s

v V D
P s

Ci
R R s

R R

 

 



  

 


 (10) 

where the gain can be presented as 

 
1 1

.
( )PV s

D
G

R R 



 (11) 

The part that can be neglected is as follows: the 

bandwidth of interest is at lower frequencies. Hence, we can 

assume that the rest of the numerator approaches one (12) 

 1 1.L

I

LI
s

V D
   (12) 

Furthermore, for more simplicity, ωpv is defined as 

 

1 1

,PV s PV s

pv

i i

R R Y Y
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   (13) 

eventually resulting in the reduced plant 

 r * 1
( ) .

( 1)
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L PV

v G
P s

i s


 


 (14) 

Placing the variables allows one to reduce the transfer 

function to 

 r ( ) .
( )PV s i

D
P s

Y Y C s
 

 
 (15) 

The Bode response is used to validate the reduced 

transfer function Pr (15) due to neglected parts from the 

primary transfer function, such as VO, load (VBAT, RBAT), and 

neglected zero Bode response is used. Applying values from 

Tables I, II, and III, which present real PV and Battery 

values, illustrates the performance from the Bode curve 

(Fig. 8) perspective, whereas the blue line illustrates the 

Bode response of the primary transfer function including all 

the acquired plant parts of small-signal analysis.  

TABLE I. BUCK CONVERTER SPECIFICATIONS. 

Nominal power 120 [W] 

Input capacitance CI 470 [μF] 

Inductance L 100 [μH] 

TABLE II. PVG SPECIFICATIONS AT STC. 

Nominal power 120 [W] 

MPP voltage 23 [V] 

MPP current 5.1 [A] 

Open circuit voltage 29 [V] 

Short circuit current 5.9 [A] 

TABLE III. BATTERY SPECIFICATIONS. 

Capacity 15.6 [A/h] 

Maximum voltage 16.8 [V] 

Minimum voltage 14.4 [V] 

 
Fig. 8.  Bode response of complete (P(s)) and simplified (Pr(s)) plants. 

On the contrary, the red line represents the incomplete 

transfer function, which neglects some of the primary 

transfer function components. Careful examination of the 

Bode diagram reveals that the lines exhibiting the same 

responses are correlated at the operating zone from a 

frequency perspective. Consequently, the overall system can 

respond as designed when applying the unfull transfer 

function (15) at the bandwidth of interest.  

According to the reduced transfer function Pr(s) (15) and 

the form of the chosen controller C(s) (9), implementing the 

inverse transfer function 
1

_ ( )rP s
 in the controller will 

receive the following form 

 
1

ˆ( )
( ) .c c PV s I

r

Y Y C s
C s P

s s D

   
    (16) 

Consequently, the overall open-loop of the reduced 

transfer function with controller, for any given operating 

point and environmental condition, and if the estimation 

( ˆ
PVY  estimated conductance) is correct, is as follows 

 
 
 

P

ˆ( )
( ) .

( )r

c PV s I
c

C

PV s I

Y Y C s D
OL s

sD Y Y C s s

 


 
 

 
 (17) 

Hence, the closed-loop can perform as a first-order 

overdamped system, and therefore, it can even perform as a 

perfect loop gain 

 P

1 1 1
( ) , .

1 1
1

r

c

C

c c

c

CL s
s s

s




  



    
 



 (18) 

Even so (i.e., meeting the goal of perfect loop gain 

response), a few significant drawbacks should be resolved 

first. Dynamic conductance is an environmental condition 

and depends on the operating point variable. However, Ys is 

directly determined by current, voltage, and duty cycle (7). 

Practically, these variables are easy to measure and use. In 

contrast, dynamic conductance YPV is more complex and 

cannot be directly measured, and, in addition, it depends on 
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the environmental condition and operating point, as shown 

in Fig. 7, and can be represented as 1

DR  (dynamic 

resistance). Hence, some kind of estimator mechanism 

should be implemented for real-time estimation of dynamic 

resistance, and further, it should be injected into the inverse 

controller as dynamic conductance. Consequently, after 

implementing the estimator and basic measurements, the 

adaptive controller should be as follows 

 
ˆ( ) ( )

( ) ,c PV s i

Adaptive

Y Y C s
C s

s d

  
   (19) 

where ˆ
PVY  is the estimating dynamic conductance and sY  

and d  are variables extracted from the measurement of 

voltage, current, and duty cycle. 

The second drawback is the possibility that an unstable 

pole can appear at a lower operating voltage, as expressed in 

(8). To solve this problem at any operating point, a small 

constant value will be added to the system that depends on 

the characteristics of the PVG to ensure stability throughout 

the operating range without a significant influence on the 

response of the system. This method will be explained later.  

IV. ESTIMATOR METHOD 

To evaluate dynamic conductance, as done in [4], we 

need to force the system to oscillate at a high frequency and 

very low amplitude. Hence, a fixed-amplitude artificial 

oscillation signal, such as 

 
0( ) sin ,d Di t I t  (20) 

is intentionally injected into the voltage controller output, 

thus adding a small oscillating sinus wave to the current 

controller reference. It should be noted that 
O  should be 

set as high as possible to increase the estimation bandwidth. 

However, it should be about ten times lower than the current 

loop bandwidth to allow precise current tracking; that is, it 

will allow us to assume that 
L L di i i   from the point of 

view of the voltage loop. Note that, since the input voltage 

loop bandwidth must be at least five times lower than the 

dynamic resistance estimation period, increasing the 

estimation bandwidth allows increasing the input voltage 

loop bandwidth. 

The overall base system combined with an estimator is 

illustrated in Fig. 9, where the measured PVG voltage and 

inductor current are transferred to the estimator. In addition, 

a fixed-amplitude artificial oscillation signal is injected into 

the estimator and the output of the voltage controller. 

 
Fig. 9.  Based estimator system. 

The artificial oscillation id-to-input voltage transfer 

function is given by 

 
  1 1

( ) ,i

d PV s I c

v Ds
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 (21) 

i.e., for ''O c   its magnitude at 
Os j  is 
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and may be calculated as 

 
  
  

0

0

.
i

d

d

RMS BPF v
Z
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  (23) 

Consequently, the dynamic resistance of PVG may be 

estimated as 

  
2

21

02
ˆ .PV I s

d

D
R C Y

Z
     (24) 

V. VERIFICATION 

A. Comparing Method Responses by Bode Diagram 

To assess the system response to different VPV  voltages, a 

loop gain Bode’s diagram is used. The typical controller 

behavior combined with a nominal plant (blue) or with a 

reduced plant (red) is shown in Fig. 10.  

It is clearly shown that the lines are correlated at the 

frequency of interest at open-loop. 

 
Fig. 10.  Bode response of the nominal controller combined with a nominal 

plant (blue) or with a reduced plant (red). 

The results of combining the typical controller and 

reduced plant CN(s)Pr(s) into an ideal adaptive control 

structure Cideal-adaptive(s)Pr(s) are presented in Fig. 11, with 
150 , 470 ,N

C Irad s C F      and 0N

PVY   as the 

worst-case operating point. Figure 11, representing the Bode 

response for the open-loop reduced plant (blue lines), is 

compared to the ideal adaptive control, which leads to a 

perfect loop gain (green lines). Comparing the response of 

the loop gains for different operating voltages indicates that 

the nominal controller has a significantly wide cross-over 
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frequency. This will hold only on the assumption that, using 

a real-time estimator, a linked response of a perfect loop 

gain can be achieved. Therefore, the cross-over frequency is 

comparatively narrow, and therefore the system response 

should be almost identical regardless of the operating point. 

  
Fig. 11.  Bode response for open-loop reduced plant and controller (blue 

lines) compared to reduced plant and ideal adaptive controller (green lines). 

B. Method Performance 

To verify the adaptive capability of the system and to 

achieve the goal of unified nominal performance throughout 

the operating range of the PV I-V curve, Tables I, II, and III 

are used. These tables demonstrate the values and 

performance of an actual converter and solar panel at 25 

Celsius and 1000W/m2, which were used to assemble a 

mini-scale portable Lithium-ion battery charger in practice.  

Implementing all system components and combining the 

estimator yields the overall adaptive control for the 

integrated PVG-BuPS-Load system, illustrated in Fig. 12. 

 
Fig. 12.  Overall estimation method. 

To demonstrate the variation in closed-loop response, the 

typical proportional-integral (PI) controller and reduced 

plant Pr(s) are compared with the adaptive controller. As 

presented in Fig. 12, the method is implemented in the most 

representative way. Additionally, the constant that is 

implemented inside the estimator to prevent the right pole is 

built identically as Ys (7): that is, using values of voltage, 

current, and duty cycle with one significant difference. In 

contrast, the duty cycle value is based on real-time 

measuring, where voltage and current are constant and 

selected according to the average value of the minimum VPV 

operation. Consequently, its influence is minor at higher VPV 

voltage due to the small value of the duty cycle, and is 

highest when working at low VPV voltage. That is, the 

constant possessing new value according to the operating 

point can counteract the possibility of a right pole while 

having only a minor influence on the system response. 

Therefore, for demonstration purposes, different voltage 

step values are chosen, from the effective operation voltage 

of the open circuit to the almost lower boundary allowed for 

the operation of the PV I-V curve (see Fig. 13).  

Evaluating the results, we see a significant difference 

between a reference voltage (green line), which is a change 

at adequate and sharp steps compared to the over-all system 

closed-loop response (blue line), which varies considerably 

when using a typical controller. In addition, the response 

shape is determined directly according to the voltage 

operating point, the response shape changes from 

underdamped to overdamped. On the other hand, the 

adaptive controller response is almost constant and reflects 

the perfect loop gain operation. The slight difference in 

response along the operating point is due to adding the small 

constant to the estimator to avoid the unstable pole in any 

case.  

For a more profound look, a zoom-in is made in Fig. 14. 

The zoom-in validates the almost perfect loop gain response 

in contrast to the nominal response. It is important to note 

that the nominal response of the typical controller is at the 

lower limit of operation and is at approximately 17 [V] due 

to battery characteristics. Even if stability is achieved in the 

whole range of operations, the considerable fluctuation in 

response requires implementing adaptive control to ensure a 

constant response. Furthermore, the adaptive control method 

has allowed choosing the cross-over frequency, i.e., the 

system response, without being dependent on the typical 

controller. For example, the disturbance observer [23] 

depends on the typical controller, since the proportional 

constant (kp) of the typical controller is restricted to the 

lower level due to possessing the right pole. Consequently, 

improving the response with constant controller 

magnification will directly influence the allowed operation 

bandwidth.  

The first test results presented so far were obtained using 

standardized environmental conditions. In the rest of this 

section, the system response will be evaluated for different 

irradiance and temperature. Figure 15 represents the test 

response of a typical controller for different levels of 

irradiance (from 1000 to 400 descending steps of 

200W/m2), at a temperature of 25 degrees Celsius. 

Figure 15 clearly shows that the results characterize the 

behavior of the typical controller, which varies considerably 

along with the operating points, which means that there are 

no advantages to a typical controller at different irradiances. 

However, testing the integrated adaptive control reveals its 

ability to disable the actual plant component variation in 

real-time, even though the components experiencing 

significant change. Eventually, it creates an almost perfect 

loop gain response, as shown in Fig. 16, where the green 

line represents voltage reference steps, and the rest of the 

colors represent the response for different irradiances. The 

small difference in response between the steps is due to the 

addition of a small constant value to ensure stability for the 

entire operating range, even though the influence is limited 

and narrow, and the response shape matches the design. 

Clear results can be seen in Fig. 17, where a zoom-in is 

made to evaluate the adaptive response. The almost 

exponential descent of the curve as an overdamped step 

response is thus well established. 
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The following test is intended to demonstrate the 

performance of the system at a different temperature (from 

20 to 50 ascending steps of 10 0C) and the same descending 

VPV steps are used. Figure 18 shows the response of the 

typical controller system at different temperatures. It is 

important to note that temperature is a significant variable 

that influences the PVG voltage of operation and, as a 

result, directly impacts the output power, open-circuit 

voltage, etc. Hence, when analyzing the typical controller 

response, the transition between underdamped and 

overdamped is clearly shown in the transition from 23 to 21 

volts. When the temperature increases to 40 0C, it directly 

influences the response. 

A thorough examination of the adaptive response to 

different temperature levels is presented in Fig. 19. This 

reveals an almost perfect loop gain response independent of 

the temperature value. In addition, the system responses to 

changes in irradiance and temperature are almost identical. 

Consequently, so is establishing the quality of the estimation 

method, i.e., creating a perfect loop gain under all 

conditions. 

It should be noted that the extensive variation response of 

the typical controller, not only at a different operating 

voltage VPV, but also at the same operating voltage, directly 

influences the response due to a significant change of the 

dynamic conductance value at the same voltage of 

operation. This effect is due to the different irradiance or 

temperature and the presence of dynamic conductance in the 

system transfer function denominator (15). In contrast, as 

shown in the adaptive zoom-in in Fig. 20, the ability to 

estimate dynamic conductance in real-time cancels the 

influence of dynamic conductance, resulting in an almost 

unified response regardless of the voltage of operation, 

temperature, or irradiance. 

 
Fig. 13.  Step response of a typical PI controller vs. adaptive controller. 

 
Fig. 14.  Zoom-in at step response of a typical controller vs. adaptive 

controller.

 
Fig. 15.  Typical controller response for different irradiances. 

 
Fig. 16.  Response of the adaptive controller for different irradiances.

 
Fig. 17.  Zoom-in for the step response of an adaptive controller for 

different irradiance. 

 
Fig. 18.  Typical controller response for different temperatures. 
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Fig. 19.  Response of the adaptive controller for different temperatures. 

 
Fig. 20.  Zoom-in for step response of an adaptive controller for different 

temperatures (20 0C–50 0C). 

VI. CONCLUSIONS 

This paper presented a novel control approach based on 

adaptive control for a PVG-BuPS-Load. The method 

handles the possibility of a right pole and creates an almost-

perfect loop gain response. Additionally, it allows you to 

choose the cross-over frequency without collision with the 

right pole. The plant is reshaped and reduced in size for 

simplicity and easier implantation of the adaptive control. 

The Bode response shows that the reduced plant has the 

same response as the complete plant at the frequency of 

interest.  

In contrast to other robust methods, the adaptive control 

method, once implemented in PVG-BuPS-Load, allows the 

inverse reduced plant to counter the actual system plant at 

any given moment, regardless of the environmental 

condition and operating point. That is, a perfect loop gain 

response can be achieved. The method uses online dynamic 

conductance estimation to evaluate dynamic resistance in 

real-time according to the operating point and 

environmental conditions and injects its value into the 

controller. Additionally, to cope with the possibility of an 

unstable pole at a lower operating point, a small constant, 

which depends on the minimum operating point and duty 

cycle values, eliminates the unstable pole and has a minor 

influence on the system response. 

The typical controller test results show a significantly 

uneven response, which varies from overdamped to 

underdamped due to the environmentally variable 

dependency and the nonlinear behavior of the operating 

point. On the other hand, test results of implanting adaptive 

control as a counteraction to the system plant variability 

clearly show that the response is stable and an almost 

perfect loop gain response is achieved.  
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