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Abstract--The maximum energy that can be harvested from a 

photovoltaic (PV) system at any instant depends on the 

effectiveness and response time of the maximum power point 

tracking (MPPT) algorithm used and related controllers. To 

facilitate proper controller design, a precise mathematical model 

of the system is required. This paper presents a comprehensive 

small signal model capable of describing the dynamics of the 

power stage and controllers. The power stage consists of a PV 

system and a DC-DC boost converter including the parasitic 

elements operating in inverse-buck mode. The MPPT and PV 

voltage controller constitute the control system. The steady state 

and transient responses of the system are evaluated by Controller-

Hardware-in-the-Loop (CHIL) approach where the power stage is 

simulated in a Real Time Digital Simulator (RTDS) and the 

control operations are performed in a Digital Signal Processor 

(DSP). The frequency response is experimentally determined 

using a Gain-Phase analyzer. This unique approach allows a 

control system designer to test and validate a control system design 

before implementing it with a laboratory scale hardware or any 

real-life application. This method adds an extra layer of design 

authentication on top of conventional offline simulations. 

 
Index Terms—Solar Energy, Photovoltaics, Small Signal 

Model, Control, MPPT, Hardware-in-the-Loop, DC optimizer. 

I.  INTRODUCTION 

HE use of photovoltaic (PV) source as a backup supply for 

supporting the main power units as well as in emergency 

facilities has been popular over the years [1]. In addition, PV 

systems being renewable source are preferred in standalone and 

grid-connected configurations. Each PV application demands 

different implementation schemes. Grid connected PV systems 

require either a centralized inverter or multiple inverters for 

power transfer. This can be achieved through single or two 

stages. Each of these schemes have their own pros and cons [2]. 

The single stage topology in which a centralized inverter is 

responsible for Maximum Power Point Tracking (MPPT), grid 

current control and voltage amplification is simple and cost 

effective but has potential drawbacks [3]. The reduced tracking 

efficiency during partial shading due to centralized MPPT, 

losses due to module mismatch and derating result in low power 

output. There are other schemes where a string of PV modules 

interfaced with a string inverter has higher tracking efficiency 

as compared with the centralized inverter configuration due to 

localized MPPT in individual strings. Few other single stage 
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topologies require the PV voltage to be higher or equal to the 

peak of grid voltage and hence offer lesser flexibility [2]. 

Considering the limitations of single stage topologies, dual 

stage PV energy conversion techniques were introduced to 

obtain better flexibility in terms of mass production and higher 

efficiency in the energy conversion process [4]. In these 

topologies, each PV module or string is connected with a DC-

DC converter stage that is interfaced with a DC link of a 

common inverter stage. While each DC-DC converter is 

responsible for MPPT, the DC-AC inverter takes care of the 

grid current and DC bus voltage control [5]. A better control is 

achieved on individual PV strings by implementation of 

distributed level energy converters, which sometimes are also 

referred as DC power optimizers. This approach overcomes the 

shortcomings of the central inverters in terms of energy 

harvesting efficiency, reliability as well as flexibility in 

operation and future enlargements. 

The advantages and flexibility of using DC power optimizers 

under various application scenarios are discussed in [6]. A high 

gain DC-DC converter-based power optimizer is proposed in 

[5] that helps achieve an accurate MPPT and higher energy 

conversion efficiency. MPPT in the DC power conversion stage 

may be achieved using different topologies; [7] uses interleaved 

boost converter while [8] uses SEPIC converter to perform the 

MPPT. There are no such limitations in the topology itself and 

are also application dependent. The limitations are rather with 

the controller or the control algorithm as the same topology may 

exhibit improved power conversion and MPPT efficiency with 

use of more advanced algorithms [9], [10]. The selection of 

control algorithms also depends on the system design 

requirements.   

Fig. 1 shows a grid connected DC optimizer with distributed 

DC MPPT tracking cells. Each of these cells are sometimes 

referred as Micro Boost Cell (MBC) [11]. The MBC typically 

consists of a boost converter connected with PV source on one 

end and a DC bus at the other end. The task of the controller is 

to track the Maximum Power Point (MPP) as well as to 

maintain PV voltage at MPP. 

In this paper, a simplified approach to obtain the 

comprehensive small signal model of a MBC is proposed. This 

model enables robust and accurate control system design and 

evaluation of system performance. The small signal model 

consists of a linearized model of PV, an outer loop responsible 
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for MPPT and an internal voltage control loop. The small signal 

model of a controller implemented in a Digital Signal Processor 

(DSP) is verified with a real-time simulator-based testing 

environment. The power stage consisting of a PV source and a 

boost converter is simulated in RSCAD, which is a Real Time 

Digital Simulator (RTDS) based interfacing software. The 

controller is implemented using a F28M35 TI DSP, which is 

commonly used in industry. This method of implementation is 

widely known as Controller-Hardware-in-the-Loop (CHIL) 

[12]. In addition to development of the small signal model, this 

paper proposes an unique approach of frequency response 

measurement using a Gain-Phase analyzer by further extending 

the CHIL implementation.  

 
Fig. 1.  A DC optimizer with Micro Boost Cell (MBC)  

In control system design and optimization studies, the model 

and controller are conventionally validated by simulations as 

well as with laboratory-scale hardware setups [13]. However, 

the proposed system-evaluation approach allows a control 

system designer to test and ensure the robustness of the 

controller in an environment that closely emulates its real-world 

application. This technique offers great flexibility in design 

process and scalability, as it allows easy change of design 

parameters to study the system response.  

The rest of the paper is organised in the following way; the 

topology of the power stage and the MPPT control technique 

are introduced in Section II. The mathematical modelling of PV 

source, PWM modulator, MPPT and voltage controller, and 

boost converter is discussed in Section III. Section IV describes 

the methodology used to design the control system by studying 

the frequency response using transfer functions derived in the 

previous sections. The experimental setup with interfacing of 

power stage in RTDS and controller in DSP is described in 

Section V along with presentation of experimental results. The 

closed loop frequency responses obtained using Gain-Phase 

analyzer, Bode100 is analysed by drawing comparison with 

mathematical modelling and simulation results. 

II.  SYSTEM ARCHITECTURE 

The system consists of a PV panel connected to a boost 

converter controlled through a digital controller at MPP. 

Among other DC-DC converters, boost is considered efficient 

as well as flexible in terms of stepping up the panel voltage by 

significant amount [14]. In the first stage a small signal model 

of the converter and their controllers is developed followed by 

their validation. The system is further analyzed in the entire 

range of I-V curve to demonstrate its performance along various 

operating points.     

A.  Topology of MBC 

Fig. 2 shows schematic of a typical MBC. A boost converter 

coupled to a PV source constitutes the power conversion stage 

whereas a MPPT and voltage controller forms the controller 

stage in a typical MBC. The power exchange occurs between 

the DC grid and the PV source. A constant DC voltage source 

���  is connected at the output terminal of the boost converter to 

represent the DC bus of the DC optimizer shown in Fig.1 [15]. 

Although the topology is same as a simple boost converter, the 

principle of operation is different. The output voltage is fixed 

by the central inverter as shown in Fig. 1. The boost converter 

in this application is used to control the input voltage in contrast 

to the output voltage control of a conventional boost converter. 

This difference makes the state space model of the power circuit 

different from that of a simple boost converter.  

 
Fig. 2.  A typical scheme of MBC 

B.  Control Strategy 

There are two control loops associated with a MBC in Fig. 

2. In the first loop of MPPT, the Incremental Conductance 

(INC) algorithm is used to track the PV panel voltage at MPP 

under different operating conditions. The measurement of PV 

panel voltage ��� and current ��� is required to track the 

instantaneous power ���. Based on the INC algorithm, any 

deviation from the MPP would result in the change in 

conductance estimated through the computation of derivative of 

instantaneous power with respect to voltage i.e. ����/���� . 

The point at which this ratio becomes zero is the point of MPP 

and the corresponding voltage at this point is considered by the 

MPPT controller as the reference voltage ���_��. This 

reference voltage is fed to the inner control loop in which the 

Proportional Integral (PI) controller tries to maintain the input 

voltage at ���_��. To reiterate, even though the topology of 

power circuit is a boost converter, its principle of operation is 

similar to that of a typical buck converter hence it is often 

referred as inverse buck converter [16]. 

PV

Panel

#1

#1

MBC

PV

Panel

#2

#2

PV

Panel

#N

#N

DC Bus

Central 

Inverter

L

Q

MPPT PI 

PWM

+

_

���  

���  

���

D

PV Panels

���
��� _���

C

−

+
+

×

��  

��  



 3 

III.  MATHEMATICAL MODELLING 

A.  Linearized Model of PV 

The PV source can be linearized around the MPP by a 

tangent passing through the MPP. The typical I-V 

characteristics of a PV panel is shown in Fig. 3 and a point 

�����, ����� is marked in the curve to indicate the MPP. A 

tangent drawn at this point with a slope −1/���� represents 

the conductance of the system (���� being the resistance of the 

system at MPP). Henceforth the linear model of PV operating 

at its MPP is represented with a negative resistive source [17]. 

Mathematically, it can be expressed as a linear equation 

having a certain slope. 

 ��� � ���� � �  !"## ∙ %��� � ����& (1) 

The above equation can be readily used to represent the 

linear model of a PV source operating around the point of MPP. 

This equation is valid as long as the system operates around the 

MPP and is therefore helpful to develop the small signal model 

of PV source with MPPT. 

 
Fig. 3.  Linear model of PV source 

If the linear model of PV is to be operated at points other 

than MPP, expression (1) cannot guarantee the accuracy. 

Therefore, one of the approach to develop the linear PV model 

is to linearize the PV equation about the operating points. The 

Single-Diode (SD) model is considered in this paper to validate 

the PV model at points other than MPP. There are other 

improved models in literatures which considers the accuracy in 

developing the PV model [18],[19]. Similarly,[20] discusses on 

developing the dynamic model of the PV considering both the 

forward and reverse bias characteristics of diode, parallel 

capacitances and series inductances. All these models have their 

own advantages in terms of accuracy or completeness. 

Moreover, the SD model in [21],[22] offers a fair balance 

between accuracy and simplicity and hence the similar model 

has been chosen in this paper for analysis. The SD model 

presented in [22] can be represented by the mathematical 

expression in (2). Linearizing (2) about an operating point gives 

the conductance at that particular point.  

 ��� � ��� � �' (e*+#+,-.∙/#+01∙2.∙3 4 � 15 	 � �#+7!.∙8#+!# 	 (2) 

Differentiating (2) about any operating point ��, �� the 

conductance may be estimated [22]. The equation governing the 

conductance can be expressed as; 

 9��, �� � :;<⋅�* 0,>⋅-.2.⋅01⋅3	4: ?-#
 7-.-#7;<⋅�* 0,>⋅-.2.⋅01⋅3	4⋅ -.2.⋅01⋅3

			 (3) 

where, ��� and �' are the photovoltaic and saturation currents of 

the array and �@  is the thermal voltage of the array with AB cells 

connected in series. �B and �� are the equivalent series and 

parallel resistance of the array. C is the diode ideality constant. 

B.  Mathematical Model of Power Circuit 

For the completeness of modelling, the boost converter is 

modelled with parasitic resistances of both inductor and 

capacitor. The inclusion of parasitics in the power stage 

simplifies the controller design, as the damping introduced by 

these parasitic elements eliminates the need for an additional 

differential component and just a standard PI controller can 

maintain the PV array voltage at the reference [23].  

The schematic in Fig. 4 consists of a linear model of PV 

represented with a resistance ���� and a boost converter 

including the parasitic resistances �D and �E 	associated with the 

inductor �	and capacitor	� respectively. The state space 

averaging technique is used to represent the converter in terms 

of its low frequency small signal transfer function. 

There are two operating modes due to the switching of main 

semiconductor switch Q in Fig. 4; Q=ON represented by Mode 

I when switch position is in “1” and Q=OFF represented by 

Mode II when switch position is in “2”. State equations for each 

operating mode are averaged to combine them using the duty 

cycle information. The converter is assumed to be operating in 

continuous conduction mode (CCM) and the natural frequency 

of the converter is much lower than the switching frequency 

[24], [25]. 

 
Fig. 4.  Physical representation of power conversion stage 

Using the following definitions to operating circuit in Fig. 4,  

• State variables F�G� as inductor current and capacitor 

voltage; F�G� � H�D�G�, ���G�I. 
• Input variable J�G� as the DC link voltage ��� . 

• Output variable K�G� as the PV voltage ����t�. 
For Mode I operation with Q=ON, the state equations are, 

 
��M�@ � � !"##E%!"##7�M& ∙ �D �  E%!"##7�M& ∙ ��  (4) 

 
�8N�@ � � !"##��M7�N�7�N∙�MD%!"##7�M& ∙ �D � !"##D%!"##7�M& ∙ �E  (5) 
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 An expression for the output in terms of state variables can 

be derived as, 

 ��� � � �M∙!"##�!"##7�M� ∙ �D � !"##�!"##7�M� ∙ �E  (6) 

For Mode II operation with Q=OFF, the state equation of (4) 

remains valid for this mode as well. The state equation with 

respect to �D�G� however changes. 

 
�8N�@ � � !"##��M7�N�7�N∙�MD%!"##7�M& ∙ �D � !"##D%!"##7�M& ∙ �E � �PQD  (7) 

A detailed derivation of (4) – (7) is presented in the Appendix.  

Comparing the state and output equations with the standard 

averaged state equation, the respective state, input and output 

matrices can be easily extracted. The averaged state equations 

are given by: 

 FR � STUF � SVUJ 

 K � S�UF  (8)  

where, T � T � � TW�1 � ��, V � V � � VW�1 � ��, � �� � � �W�1 � �� and � the duty cycle. The ON time is defined 

by �XB and OFF time by �1 � ��XB, where XB is the time period 

for one switching cycle. 

Comparing (4), (5), (6) and (7) with the standard averaged 

state equations (8),  

 T � T � TW � Y� !"##��M7�N�7�N�MD%!"##7�M& !"##D%!"##7�M&� !"##E%!"##7�M& �  E�!"##7�M�
Z  

V � [00] ; VW � (�  D0 5 ; � � � � �W � [� �M!"##!"##7�M !"##!"##7�M]  
Introducing small signal perturbation in state variables and 

duty cycle and taking Laplace transform, the power-stage 

transfer function can be determined as: 

X��_� � �̀#+�a � � ∙ S_� � TU: ∙ S�T � TW� ∙ b � �V � VW� ∙���U � �� � �W� ∙ b  (9) 

 By substituting values of T , TW, V , VW, � 	and �W into (9): 

 X��_� � :cPQD ∙ d !"##eE∙!M_"##e � �Q∙!"##fB7 ?M∙-M_"##g!M_"## h ∙  ��B� (10) 

where, �E_��� � �E � ���� and  

��_� � !"##eD∙E∙!M_"##e � *_ �  E∙!M_"##4 *_ � �Q∙!"##7�N∙!M_"##!M_"## 4  

With the small signal transfer function of power stage 

developed, the mathematical models of MPPT and voltage 

controller is required to complete the small signal model of the 

overall system shown in Fig. 2.  

C.  Mathematical Model of MPPT Controller 

The input to MPPT controller is PV voltage and current, 

which is used to generate the reference voltage at which the 

instantaneous power from the PV array is maximum. The 

operating point can be easily estimated based on the 

incremental conductance computed by calculating ∆���/∆���. 

Mathematically, INC may be expressed as: 

��#+��#+ � �%�#+�8#+&��#+ � ��� � ��� ∙ �8#+��#+ ⟹  �#+ ∙ ��#+��#+ � 8#+�#+ � �8#+��#+  

 ⟹ � � 8#+�#+ � �8#+��#+ (11) 

  In (11), the error � is expressed as a sum of the actual 

conductance ���/��� and the incremental conductance ����/	����. The maximum power can be harvested from the PV 

array at the point where the measure of incremental and actual 

conductance is equal. If this ratio is greater than zero, the 

operating point lies to the left of MPP and it lies to the right if 

this ratio is less than zero, as shown in Fig. 5.  

 
Fig. 5.  Graphical representation of INC algorithm 

Linearizing (11) around MPP (���� , ����) as shown in Fig. 

3 and Fig. 5. The small signal model is,  

 �̃ � l� ∙ �̀�� (12)  

where, l� � � W!"##∙c"## 

A detailed derivation of (12) is included in the Appendix.  

The above equation gives the small signal relation between 

error variable �̃ and PV voltage �̀�� with a factor l� that 

describes the MPPT action. This error when fed through an 

integrator generates the required voltage reference. 

Mathematically, this may be shown by, 

 ���_��SmU � ���_��Sm � 1U � l8 ∙ n.W �oSmU � oSm � 1U� (13) 

A detailed derivation of (13) is shown in the Appendix.  

Since the implementation is carried out digitally, discrete 

integrator is considered for the entirety of the modelling. (13) 

gives the expression for digital implementation of an integrator. 

This discrete integrator of trapezoidal form is then converted to 

its s-domain continuous time counterpart using the bilinear 

Tustin’s transformation for modelling purpose. This would 

simply result in l8/_ .   

D.  Voltage Controller and PWM modulator 

A PI controller may be used to control the process consisting 

of power stage and PWM modulator. The transfer function of a 

typical PI controller is given below in (14). Since the overall 

open loop gain of the voltage control loop is negative, the PI 

controller is designed with a negative component such that a 

positive gain is finally introduced in the system. 

 X��_� � �pq#B7q/B r (14)  
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The PI controller above is digitally implemented in DSP to 

regulate the PV voltage at its reference MPP value. The digital 

implementation of PI controller requires the z-transform of the 

continuous-time function of PI controller.  

�8SmU � �8Sm � 1U � �SmU ∙ [l� � q/∙n.W ] � �Sm � 1U ∙[q/∙n.W � l�]  (15)  

A detailed derivation of (15) is presented in the Appendix.  

With the mathematical model developed in digital platform, 

the discrete model of the PWM modulator can then be 

developed. From Fig. 6, the small signal transfer function of the 

PWM modulator can be expressed as: 

 X��_� � �a�B��̀/�B� �  cst (16) 

where, �8�G� is the input signal of the modulator and �u�  is the 

peak value of the carrier. A detailed derivation of (16) is 

included in the Appendix.  

 
Fig. 6.  Generation of PWM signal 

From (16) it is seen that the transfer function of the PWM 

modulator is a gain expressed as the reciprocal of the carrier-

peak.   

 
Fig. 7.  Comprehensive small signal model of PV source with MPPT 

With the mathematical models for power stage, MPPT 

controller, voltage controller and PWM modulator, the small 

signal relationship between these key elements are represented 

with a block diagram in Fig. 7.  

IV.  SYSTEM VALIDATION AND CONTROLLER DESIGN 

A.  MBC Model Validation 

The mathematical model of MBC presented in Section III is 

validated in the entire region of the I-V curve considering a 

single BP-365 PV-module. The specification of the module is 

presented in TABLE I.  

The model proposed in Section III is validated in the 

constant current (CC) region, MPP and constant voltage (CV) 

region of the I-V curve. In this model, the PV source is 

modelled as a negative resistance. It may be noted that the value 

of this resistance changes for every operating point. The 

linearized PV model given by equation (3) is used to calculate 

the equivalent PV resistance for that point. The key parameters 

for this model is determined in a similar way shown in [22] and 

is tabulated in TABLE II.  

TABLE I  PARAMETERS OF BP 365 PV MODULE AT STC 

PV Module Parameter Value 

Open circuit Voltage (�vE) 22.1 V 

Short circuit current (�wE) 3.99 A 

Voltage at MPP (����) 17.6 V 

Current at MPP (����) 3.69 A 

Power at MPP (x�yz) 65 W 

Temperature coefficient of �wE  0.065 %/°C 

Temperature coefficient of �vE  -0.08 V/°C 

 

In Fig. 4, ���� is replaced with the corresponding 

resistances at each operating point while performing the 

analysis. The AC sweep results from PLECS are superimposed 

with the mathematical model frequency response for each of 

these points and is presented in Fig. 8.  

 

 
Fig. 8.  Power stage frequency response at different points in I-V curve 

 

TABLE II EQUIVALENT SINGLE DIODE MODEL DATA FOR BP 365 

Parameter Value 

Saturation Current (�v) 7.4198e-10 A 

Series Resistance (�w) 0.444 Ω 

Parallel Resistance (�{) 204.027 Ω 

Ideality Factor (a) 1.067 

 

Both the results exhibit a close match thus validating the 

small signal model derived for the power stage. Also, the model 

accuracy is investigated through frequency response for 

variation in input capacitance considering the stray capacitance 

contributed by the PV string. The model showed a very little to 

no variation in gain and phase from original specified 

capacitance.     

Once the model is validated with single PV module, it is 

scaled up to 10	 � 	4 array system with specifications shown in 

TABLE III for implementation purpose.  

����~���� � 0 

lO
�̀���̀��_���

�̃ 

�̀�  �� l� _⁄  

Integrator ControllerX��_� XO �_�Modulator X��_� Power Stage

Voltage Controller / Inner LoopMPPT Controller / Outer Loop

��� ���
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TABLE III  SYSTEM SPECIFICATION 

PV Source Parameter Value 
Converter 

Parameter 
Value 

Rated power 2.6 kW Output Voltage 400 V 

Open Circuit Voltage (�vE) 221 V Input Capacitance 10 µF 

Voltage at MPP (����) 176 V Capacitive resistance 0.05 Ω 

Short Circuit current (�wE) 15.96 A Inductor  35 mH 

Current at MPP (����) 14.76 A Inductive resistance 0.2 Ω 

Array Size 10 X 4 Switching Frequency 2 kHz 

B.  Controller Design 

The inner control loop constitutes the process to be 

controlled i.e. boost converter power stage coupled with PV 

source (modelled as impedance) and PWM modulator. Whereas 

the MPPT controller represents the outer loop which generates 

a voltage reference for the inner loop. With the transfer 

functions derived in the previous section and system 

specification shown in TABLE III, the frequency responses of 

the overall open loop transfer function XvD�_� is studied to 

design a suitable error amp for the inner loop. The selection of 

controller parameters and appropriate bandwidth is done by 

studying the frequency response of the inner loop (power stage, 

PWM modulator and controller) shown in Fig. 9. 

 
Fig. 9.  Frequency response of inner loop XvD�_� and controller XE�_�. 

The overall open loop transfer function of the voltage control 

loop is given by: 

 XvD�_� = XE�_� ∙ X��_� ∙ X��_� (17) 

The frequency response of XvD�_� is plotted using transfer 

functions of X��_�, XE�_� and X��_� from (10), (14) and (16) 

respectively. 

As a rule of thumb, the bandwidth of the inner loop is 

designed at approximately one-tenth of the switching frequency 

[26] i.e. at 230 Hz as seen from Fig. 9. A phase margin of 51.6° 

at the crossover ensures control system stability and high gain 

of XvD�_� at low frequency minimizes the steady-state error. 

The MPPT and voltage control loops are designed with 

different bandwidths and the controller parameters are carefully 

chosen to avoid any possible interference between the two 

loops.  

C.  Controller Performance Evaluation 

The response of the designed controller with the chosen 

MPPT algorithm is assessed for variation of operating 

conditions such as change in irradiance and temperature. The 

simulation results for the dynamically changing environmental 

conditions is presented in Fig. 10.  

 
(a) 

 
(b) 

Fig. 10.  Frequency response of inner loop with varying (a) Irradiance at 

Temp=25°C and (b) Temperature at Irradiance=1Sun  

The variation observed in the magnitude and phase plots of 

Fig. 10 is due to the change of the impedances between MPP 

points. The system response however remains similar for all 

operating points with respect to STC response.  

Further to verify the robustness of the controller, the system 

is simulated with dynamic transition in irradiance causing the 

inductor current to switch from continuous to discontinuous 

conduction mode (DCM). The controller can accurately track 

the correct operating point even during transients, which proves 

its robust operation. Fig. 11 demonstrates the controller 

performance during the transient. The boundary current 

�D�  between CCM and DCM for boost converter can be 

expressed with (18), which serves as a mathematical tool for 

selection of current and irradiance [27].  

 �D� =
cPQ

W⋅D⋅.�
⋅ � ⋅ �1 − �)  (18) 

����������=��� ��

Phase Margin 

51.6° 

���(�) ��(�)

���(�)

��(�)
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The duty cycle (D) can be calculated using steady state 

equations of boost converter while ���, L and �B� are known 

from the converter specifications in TABLE III. 

 
Fig. 11.  Dynamic transition from CCM to DCM  

Further extending the analysis, the loci of MPP operating 

points are plotted for different values of irradiances and 

temperatures in Fig. 12. At 25°C, the system moves from CCM 

to DCM as the inductor current falls below the boundary current 

with irradiance dropping below 40 W/m2. This phenomenon is 

also seen in the simulation result of Fig. 11. Similar behavior is 

noticed for other operating points in Fig. 12.  

 
Fig. 12.  Loci of operating points with variation in temperature and irradiance 

V.  SYSTEM IMPLEMENTATION AND EXPERIMENTAL RESULTS 

In order to study the dynamic behavior of the control loops 

in a practical control hardware and to verify the determined 

small signal models, CHIL testing methodology is used. The 

power stage is implemented in the RTDS simulator using 

RSCAD. The control loops are implemented in TI F28M35x 

which is a 150 MHz clock, 12-bit ADC resolution DSP with 

300Khz sampled data. The PV voltage and current are sensed 

using an analog interface between the DSP controller and 

RSCAD power stage. The analog interface consists of the Giga-

Transceiver Analog Output (GTAO) card and Analog to Digital 

converter (ADC) of the DSP. A digital interface provides the 

gate pulses to the converter from the controller using Giga-

Transceiver Digital Input (GTDI) card. The setup used for the 

experiment is shown in Fig. 13. 

 

Fig. 13.  CHIL implementation using RTDS and DSP 

In the RSCAD environment, the PV source with 

specifications shown in TABLE III, is simulated in the large-

time step at 30 µs and the power stage inside the small-time step 

block at 1.4 µs. The small-time step block is configured to 

receive the switching pulses from the GTDI card to the 

converter switches. The up-down counter in the DSP used as 

the carrier wave is set at 2 kHz, i.e. the switching frequency of 

the designed system. Two EPWMs running at different 

Interrupt Service Routine (ISR) are configured, one to perform 

MPPT (at 12Khz) and second to generate modulating signal 

(25Khz). The MPPT controller with low bandwidth filter outs 

the aliasing noises seen due to down sampling in this kind of 

multi-rate system[28]. Compare (CMP) registers are configured 

to store modulation signal and Action qualifier (AQ) is used to 

set and reset the pulses based on values in CMP registers.  

The controller parameters derived in Section IV are used to 

experimentally verify the steady-state and transient 

performance of the system. Fig. 14 shows the plots for PV 

power, voltage and current in RSCAD runtime window. These 

plots are also monitored in oscilloscope and presented in Fig. 

16 (a). A stable steady-state performance of the system can be 

observed from Fig. 14 and Fig. 16 (a). Similarly, stable 

performance of the system after transients are recorded in Fig. 

15 and Fig. 16 (b).   

To validate the small signal model of the power stage and 

voltage controller loop, a small signal perturbation was 

introduced externally in the voltage reference (MPP voltage) 

using a Gain-phase analyzer (Bode100) and the PV input 

voltage was monitored. Fig. 17 shows the detail connection 

along with indication of key variables measured. Since the 

MPPT controller block generates the reference inside the DSP, 

it is disabled to perform this test. 

Ir
ra

d
ia

n
ce

 (
1

0
0

0
W

/m
2
)

Temperature

0°C 25°C 50°C

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.2

0.6

1.0

ILB=0.5606 A ILB=0.5392 A ILB=0.5063 A

C
C

M
D

C
M

Vmpp=172.5V

Impp=0.4338A

Vmpp=152.5V

Impp=0.4374A

Vmpp=132.5V

Impp=0.4399A



 8 

 
Fig. 14.  Steady state response of the system captured in RSCAD runtime 

environment @ 1000 W/m2 solar irradiance  

  
                             (a)                                                           (b) 

Fig. 15.  (a) Transient response of the system captured in RSCAD runtime 

environment for solar irradiance change from 1000 W/m2 to 500 W/m2 (b) 

change of operating point in P-V curve due to transient 

The frequency response obtained from Bode100 are 

superimposed with the frequency response of mathematical 

model and simulation in Fig. 18. It can be observed that the 

experimental results closely follow the response of the 

mathematical model and simulation, especially in the low 

frequency range. This validates the modelling of all the key 

elements of the inner loop from Section III as well as the 

controller design. It may be noted that the semiconductor 

switches in RSCAD are modelled as simple turn-on and turn-

off resistances [29]. It is observed that the values of these 

resistances affect the frequency response of the system. This is 

a possible reason for the slight variations of the experimental 

results with that of the model and simulation.  

VI.  CONCLUSION 

In this paper, a comprehensive small signal model describing 

the dynamic relationship between a PV source, boost converter, 

INC MPPT and voltage controller have been presented. The 

frequency response of the system, determined using the 

developed small signal transfer functions, is used to compute 

the controller parameters. A detailed analysis showing the 

performance of the system during various parameter changes 

are studied. The models are verified and validated through 

simulation, mathematical analysis as well as experimental 

results. The experiment is conducted with real time simulation 

of the power stage in RTDS and control operations in DSP. A 

Gain-Phase analyzer is used to measure the frequency response. 

This approach to verify the small signal model for MBCs can 

provide a safe and practical testing environment to evaluate the 

dynamic response of a control system in actual control 

hardware. The simulation, experimental results showed a good 

agreement, which validates the mathematical models and 

controller design. 

 

(a)

   
(b) 

Fig. 16.  Experimental evaluation of system performance (a) Steady state and 

(b) Transient, Ch. 1 (5 V corresponds to 26.6 A), Ch. 2 (5 V corresponds to 

368.33 V), Ch. 3 (5 V corresponds to 2.597 kW) 

 

 
Fig. 17.  Connection scheme of Bode100 for frequency response evaluation  

 
Fig. 18.  Comparison of Closed loop frequency response of voltage controller 

from Mathematical model, Simulation and Experiment  



 9 

VII.  APPENDIX 

A. Derivation of (4) – (7): 

By using Kirchhoff’s Voltage law (KVL) for the circuit in Fig. 

4, 

 ���(G) = �E(G) ∙ �E + �E(G) (A1) 

 ���(G) = �D(G) ∙ �D + �D(G) (A2) 

By using Kirchhoff’s Current law (KCL) in node 1, 

 ��� = ��(G) + �D(G) (A3) 

Using (A1), (A3) & substituting ���(G) = :�#+(@)
!"##

 ; �E(G) =
E∙��Q(@)

�@  , (4) can be obtained. 

Similarly, using (A1), (A2), (4) and substituting �D(G) =
D∙�8N(@)

�@  , (5) can be obtained. 

Substituting (4) into (A1), (6) can be obtained. 

Using KVL for the circuit in Fig. 4 

 �D(G) = ���(G) − �D�D(G) − ��� (A4) 

Substituting (A1) and (4) in (A4), (7) can be obtained. 

B. Derivation of (12): 

Using Taylor series expansion in (11): 

�%��� , ���& = �%���� , ����& + ��%�#+,8#+&
��#+

�
%c"##,;"##&

%��� −

����& + ��%�#+,8#+&
�8#+

�
%c"##,;"##&

%��� − ����&  

�%��� , ���& = − ;"##
c"##e %��� − ����& +   

c"##
%��� − ����& (A5) 

Substituting ��� from (1) into (A5), 

 � = W
!"##

− W�#+
!"##c"##

 (A6) 

Introducing small signal perturbation, (A6) is expressed as: 

 �̃ = − W
!"##∙c"##

∙ �̀�� (A7) 

Thus, (12) can be obtained. 

C. Derivation of (13): 

A discrete integrator of trapezoidal form can be expressed as:  

   
c#+_t��S�U

�S�U = l8 ∙ n.
W ∙ �7 

�:   (A8) 

���_��S�U = ���_��S�U ∙ �: + q/∙n.
W ∙ oS�U + q/∙n.

W ∙ oS�U ∙ �:   

Using time shifting property (A9) on the above expression, 

 �HFSm − �UI = �:� ∙ bS�U where, �HFSmUI = bS�U (A9) 

(13) can be derived. 

D. Derivation of (15): 

Taking z transform of (14): 

 X�(�) = �/(�)
�(�) = l� + l8 ∙ n.

W ∙ �7 
�:   (A10) 

�8S�U = �8S�U ∙ �: + l� ∙ �S�U − l� ∙ �S�U ∙ �: + l8 ∙ n.
W ∙

�S�U + l8 ∙ n.
W ∙ �S�U ∙ �:    (A11) 

Using time shifting property (A9) on (A11), 

�8SmU = �8Sm − 1U + l� ∙ �SmU − l� ∙ �Sm − 1U + l8 ∙ n.
W ∙

�SmU + l8 ∙ n.
W ∙ �Sm − 1U   (A12) 

Further simplifying (A12), (15) can be obtained. 

E. Derivation of (16): 

From Fig. 6, the duty cycle equation can be expressed as: 

 �(G) = �/(@)
cst

 (A13)  

Introducing small signal in (A13), 

 � + ��(G) = c/7�̀/(@)
cst

  (A14) 

By neglecting the DC terms in (A14), (16) is obtained.  
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