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ABSTRACT 

The desire for energy independence presupposes the use of various types of elements for energy generation from renewable 

sources, for the stand-alone operation of which energy storage devices are required. A power generation complex created in this way 

must perform a number of tasks that are formed by the energy management system. The control system performs these tasks and 

ensures proper static and dynamic characteristics of this complex with many inputs and outputs. The results of recent world 

researches, as well as the authors experience of this work, show that, for creating such control systems, it is advisable to use Passive-

Based Control (PBC), presenting the control object as a Port-Controlled Hamiltonian (PCH) system. Thanks to the developed method 

of additional interconnections and damping injection (Interconnection & Damping Assignment - IDA) passive control provides 

ample opportunities to adjust the control effects, while ensuring the asymptotic stability of the system as a whole. This is particularly 

useful in the complex system considered in this paper that includes both a hybrid power plant for electricity generation from the sun 

and wind and a hybrid energy storage unit consisting of the battery and supercapacitor module. This article shows the procedure of 

PBC system synthesis, according to which three structures of control influence formers (CIF) were designed and investigated. These 

structures have different combinations of additional interconnections and damping, which allows forming the desired energy flows 

inside the closed-loop system and therefore provide desired control results. Among them, there are tasks of maintaining voltages on 

the DC bus and the supercapacitor module at reference levels, and the smoothness of the battery current transients. A comparative 

simulation studies were performed on a computer model of the power generation complex with synthesized control systems, which 

was created in the MATLAB/Simulink environment. It showed the efficiency of their work and the advantages of different CIF 

structures. 
Keywords: Energy Generating Complex; Photovoltaics; Wind Power Plant; Hybrid Battery-Supercapacitor Energy Storage 

System; Passivity-Based Control (PBC); Port-Controlled Hamiltonian System (PCH); Synthesis by Interconnections and Damping 
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INTRODUCTION 

Modern scientific and technical base opens up 

many opportunities of using devices for electricity 

generation from renewable sources, as well as 

energy storage units under the conditions of 

autonomous power plants. This is especially true for 

remote consumers, whose connection to the central 

grid requires significant investment, which is 

unprofitable. Another category of consumers of 

autonomous power generation complexes are those 

who seek for energy independence. Therefore, the 

use of new means of electricity generation together 

with its accumulation is an urgent modern task 

[1, 2]. 

From technical and economical points of view,  
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hybrid systems for both energy generation and 

energy storage are the most efficient. At the same 

time, some tools complement others. Among 

combinations of several generation sources, a 

combination of wind turbines and solar photovoltaic 

installations is often used, because they mainly work 

at different times and in different weather conditions 

[3, 4], [ 5]. Among hybrid energy storage systems, a 

combination of batteries with supercapacitors is 

often used [6, 7]. 

Rechargeable batteries as accumulators of 

electricity have a long service life at constant and 

low load currents; however, abruptly changing and 

heavy loads significantly reduce their service life 

[8]. Supercapacitor modules (SCM) composed of 

individual supercapacitors with high capacitances, in 

a hybrid energy storage system, take large and fast 

loads on themselves, protecting the battery and 
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increasing its lifetime [9, 10]. The efficient operation 

of hybrid integrated energy generation and energy 

storage systems requires the development of 

multifunctional, stable and fast control systems for 

such multi-input complex objects, which need to 

provide qualitative control characteristics. 

The proposed solution of this challenge is to 

use a passivity-based control system, which thanks 

to the interconnections and damping assignment 

allows forming characteristics while ensuring the 

asymptotic stability of a complex nonlinear system 

[11].  

LITERATURE REVIEW 

Integrated hybrid energy generation and storage 

systems as control objects are complex and usually 

nonlinear dynamic systems with many inputs and 

many outputs (Multiple Input Multiple Output – 

MIMO). In addition, the management of such 

complexes is characterized by multi functionality. 

All this significantly complicates the task of creating 

qualitative control systems for such complexes. 

Therefore, the latest rather complex methods of 

modern control theory of nonlinear systems are used 

to create control systems, in particular: Adaptive 

Sliding-Mode Control (ASMC) [12], Model 

Predictive Control (MPC) [13], Fraction Order 

Control (FOC) [14], intelligent control methods 

(FLC – Fuzzy Logic Control) [15], energy 

approaches (FC – Flatness Control [16] and PBC – 

Passivity-Based Control [17]). Among them, PBC 

and its structural synthesis by the procedure of 

Interconnection and Damping Assignment (IDA) 

have a clear understanding of energy patterns during 

the formation of control effects, as well as ease of 

asymptotic stabilization of synthesized systems [18, 

19]. Many complex nonlinear object control systems 

have been successfully synthesized using the IDA-

PBC method, such as [20, 21], [22]. 

In our work, we have successfully applied PBC 

to wind and photovoltaic systems, as well as hybrid 

battery-supercapacitor systems of electricity storage 

[23, 24], [25, 26], [27]. The experience gained in the 

use of PBC has allowed us to develop a method of 

structural synthesis of possible control influences 

that ensure the stability of the system. It consists in 

developing for a specific dynamic object its 

mathematical model in the form of a port-controlled 

Hamiltonian (PCH) system and creating in the 

MathCad computing environment a corresponding 

program. This program symbolically solves a system 

of nonlinear equations with predetermined 

interconnection between system elements and 

damping effects and gives expressions for control 

influences that ensure the stability of the system 

[28].  

The energy-shaping control is based on the 

function of the total energy of the system 

(Hamiltonian), which has the form: 

   т 11

2
H


x x D x , (1) 

where: x is the state vector of the system; D is the 

diagonal matrix of inertia coefficients of the system. 

Any system is considered and described as PCH 

in the form of the following vector-matrix equation: 

            d d
t H t     x J x R x x G x u , (2) 

where: J(x) is the skew-symmetric matrix that 

describes interconnections in the system; R(x) is the 

symmetric matrix that describes damping in the 

system; G(x) is the port matrix; u(t) is the vector of 

control influences; y(t) is the vector of output energy 

variables. 

The main idea of PBC (energy-shaping 

control), in particular by the IDA-PBC method, is 

the purposeful formation of the energy function (1) 

of the system (2) and, thus, the impact on transients 

and steady processes in it [29], [11]. In a closed-loop 

system, the desired energy function Hd is formed to 

be such that at its minimum the system will be at a 

given equilibrium point x .  

The synthesis of the PBC system consists in 

finding the following additional interconnections Jа 

and damping Rа, which will form the required Hd: 

   т 1

d

1

2
H


x x D x  (3) 

where xxx ~  is the new state vector, defined as 

the difference between the state vector of the object 

x and the desired vector x , which is the control task. 

The structure of a closed-loop PBC system, 

which is a priori asymptotically stable, is described 

by the following equation [18]: 

        d d d
t H    x J x R x x , (4) 

where Jd and Rd are new matrices of 

interconnections and damping of the desired closed 

system, which consist of interconnections and 

damping of the control object and energy-forming 

passive control system: Jd = J + Jа, Rd = R + Rа. 
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To obtain the equation of a closed-loop 

controlled system in the form (4) for a given 

structure of control influences Jа and Rа, the 

necessary expressions of control influence formers 

(CIF), which are elements of the vector u(t), are 

obtained from the equality of the right parts of 

equations (2) and (4) by symbolic solution of the 

matrix equation [11]: 

 
         

   

1

1

d d

t t




     

  

x J x R x D x G x u

J x R x D x
. (5) 

THE PURPOSE OF THE ARTICLE 

This work aims to synthesize control variants 

for a PBC system of a hybrid wind-solar power plant 

with a hybrid battery-supercapacitor energy storage 

system and to conduct a comparative analysis of the 

use of different CIF configurations for the 

synthesized system by computer simulation using 

MATLAB/Simulink. 

To achieve this goal it is necessary to solve the 

following tasks:  

• to develop a mathematical model of the 

studied system as a PCH system;  

• to create Mathcad program for symbolic 

solution of matrix equation (5) for studied system, 

and obtain possible and available for practical 

implementation CIF structures;  

• to develop a computer model of the studied 

electro generating complex in the 

MATLAB/Simulink environment;  
• to investigate the effectiveness of individual 

elements of interconnections and damping included 

in the obtained structures of CIF; 

• to conduct via computer simulation 

comparative studies of the system with different 

obtained structures of CIF and select the most 

effective of them. 

MAIN PART. DESCRIPTION OF A HYBRID 

COMPLEX OF ELECTRICITY GENERATION 

AND ENERGY STORAGE 

The object of control in this study is a power 

complex that combines two types of electric energy 

generation elements and two types of electric energy 

storage elements. The complex consists of a solar 

photovoltaic system PV, a wind power plant (which 

consist of a Windmill, a permanent magnet 

synchronous generator PMSM and a diode rectifier), 

a battery B, a supercapacitor modules SC and a Load 

(which consist of L-R circuit with a back EMF) 

connected to the DC bus capacitor Cbus (Fig. 1). 

These devices for generating and storing energy are  

 

 
Fig. 1. Electrical diagram of the power part of the hybrid power complex with elements of 

generation and storage 
Source: compiled by the authors 
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also connected to the DC bus, but through their 

power converters DC-DC1 – DC-DC4 of different 

topology. The photovoltaic system and the wind 

power plant are connected via unidirectional DC-DC 

converters of the step-up type, respectively DC-DC1 

and DC-DC2, which carry out automatic control to 

ensure the operation of power plants at their 

maximum power points. The battery and SCM are 

connected via bidirectional DC-DC converters, DC-

DC3 and DC-DC4, respectively, which allow using 

batteries and SCMs of lower voltage than required 

for the DC bus, and provide automatic regulation of 

charge and discharge currents in these energy 

storage devices.  

As you can see, this hybrid power complex 

combines a number of devices, which even in 

individual use are quite complex objects. With the 

joint coordinated operation of these devices in the 

existing system, there are difficulties in the correct 

choice and application of the automatic control 

system and the creating of control effects on the 

object of control. 

MATHEMATICAL MODELING OF THE 

STUDIED SYSTEM AS A PORT-

CONTROLLED HAMILTONIAN SYSTEM 

According to the electrical diagram (Fig. 1), the 

mathematical model of the control object, which 

describes its dynamics based on Kirchhoff's laws, 

will look like: 
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 
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, (6) 

where: Lb, Lsc, Ll, Lpv, Lw are the inductances in the 

battery, SCM, load, solar and wind power plant, 

respectively; Rl is the load resistance; El is the back 

EMF of the load; γb, γsc, γpv, γw are the coefficients of 

duty cycle of DC-DC converters in the 

corresponding electric circuits (by analogy with 

inductors), and vbus is the voltage on the DC bus 

supplied to the load. 

Since the energy accumulators in such a system 

are the inductors in the load circuit, solar power 

plant, wind power plant, the battery and the SCM, as 

well as the capacitors, SCM and Cbus, it is advisable 

to choose the energy pulses of these drives as 

elements of the state vector [11]. Then the state 

vectors of the studied PCH system are obtained in 

the form: 

  , (7) 

where D = diag[Lb  Lsc  Cbus  Csc  Ll  Lpv  Lw] is 

the diagonal matrix of inertia of the system. 

The other notations are clear from Fig. 1. The 

port matrix G is the single diagonal matrix, and the 

input and output matrices have been obtained in the 

forms: 

  (8) 

The Hamiltonian of the system taking into 

account the selected state vector x and according to 

(1) will look like: 

   

(9) 

 

Then, the matrix of system interconnections 

will look like: 

  . (10) 
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The diagonal damping matrix R(x) of the 

system will have only one non-zero element, namely 

R55 = Rl.  

THE SYNTHESIS OF PASSIVITY-BASED 

CONTROL SYSTEM 

The main tasks of the synthesized control 

system, which together form the strategy of energy 

management (SEM), are as follows:  

 maintaining the reference voltage of the DC 

bus at the level  during changing power 

generation of solar and wind power plants, as well as 

load capacity;  

 formation of SCM charging/discharging 

processes in order to lead its voltage to a given value 

 to provide random opportunities for energy 

absorption and return during significant changes in 

power generation or consumption;  

 ensuring energy exchange between the battery 

and the DC voltage bus within the capacity 

corresponding to the specified value of the battery 

current , but the change in current should be 

slow (which will increase the lifetime of the battery), 

leaving the operation in rapid transients of the load 

change on the SCM;  

 

* * *
* *bus l bus bus l

b bus sc sc l pv pv w w

l b l

0
V E V V E

L CV C V L L I L I
R v R

   
   

 
   

x . (11) 

;                           (12) 

.               (13)

 in the case of growth of the amount of energy 

generation or consumption by the Load and battery 

current achieving the maximum level of 

charge/discharge  – keeping this value at a 

given level; the remaining load power should be 

used by SCM, and after reducing the power on the 

load, the system should leave the limit.  

Thus, according to the generated SEM, you can 

set the values of state variables at the desired 

equilibrium point as is shown in the vector (11), 

where Ipv and Iw are the currents of the solar 

plant and the output of the rectifier of the wind 

turbine, respectively, which act as perturbations 

in the system. 

According to the principles of passive control 

by forming the desired interconnections and 

damping, we can form the complete matrices of the 

control system Ja(x) and Ra(x), respectively (12) and 

(13). 

Based on the obtained mathematical model of 

the studied dynamic system (2), (7) - (10), it was 

created a program in the Mathcad environment that 

allows, using symbolic mathematics of this 

application, to solve the vector-matrix equation (5) 

for any combinations of given elements of matrices 

(12) and (13). If there is an analytical solution, we 

get the expressions CIF, which provide asymptotic 

stability of the whole system. These expressions are 

practically reduced to the control laws of DC-DC 

converters, namely, the duty cycle coefficients 

, , , and . 

According to the results of computer studies of 

possible options for additional interconnection and 

damping, three fundamentally different CIF 

structures were synthesized: 1) without additional 

interconnections and damping; 2) with additional 

interconnection j23 and damping r11; 3) with 

additional interconnection j13 and damping r22. The 

duty cycle coefficients of all DC-DC converters in 

these structures are given in Table 1. 

As a result of research, the following effects of 

additional interconnections and damping introduced 

in the CIF were revealed and the following 

recommendations for their application were formed:  

r11 – improves voltage stabilization on the DC-

bus  at the desired level, as well as stabilizes and 

maintains the voltage on the SCM  at the desired 

level, using more battery energy;  
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Table 1. CIF structures for three variants of passive control systems 

 

System 1  

(without additional 

J and R) 

System 2 

(j23; r11) 

System 3 

(j13; r22) 

 
   

 
   

    

 
   

Source: compiled by the authors 

 

j23 – accelerates the transients, reduces energy 

consumption from the battery and increases its use 

from SCM to ensure the desired characteristics of 

the system; 

j13 – affects the speed of the system, somewhat 

slowing down the transient voltage on the DC bus 

, increases the use of energy stored in the 

battery, and reduces the use of SCM energy; 

r22 – improves the  voltage stabilization at a 

given level, reducing the impact of the load on the 

system and using more SCM accumulated energy. 

Disturbing factors that affect the system are 

changes in the intensity of solar radiation and 

fluctuations in wind speed (Fig. 3), as well as 

changes in load – the back EMF of the load branch 

(Fig. 6). 

RESEARCH OF THE OBTAINED 

STRUCTURES OF CIF BY COMPUTER 

SIMULATION 

In order to conduct comparative studies of the 

synthesized systems, in accordance with the 

electrical diagram shown in Fig. 1, a computer 

model (Fig. 2) is compiled in MATLAB/Simulink, 

which consists mainly of ready-made blocks of the 

SimScape library: PV Array simulates a solar 

electrical installation, Battery simulates battery 

operation, Supercapacitor simulates SCM operation. 

DC-DC converters operate in Average mode to 

reduce simulation time. The Wind Power Plant 

subsystem simulates the operation of a wind turbine 

with a vertical axis of rotation, a synchronous 

generator with permanent magnets, and a diode 

bridge connected at its output. In the interval of 

relatively short simulation time, the average wind 

speed was chosen at the level of 10 m/s with slight 

fluctuations. 

To study the operation of the passive system 

settings, a low-power system configuration was 

selected: solar photovoltaic panel 1Solitech 1STH-

235-WH with a capacity of 235 W, wind turbine 

with a nominal power of 500 W at a wind speed of 

11 m/s, lead-acid battery with a voltage of 24 V, 

rated with a capacity of 18 Ah and a state of charge 

(SOC) of 40 %, SCM is composed of 10 series-

connected supercapacitors BCAP0650 from 

Maxwell with a capacity of 650 F and an internal 

series resistance of 0.8 mOhm.  

The research was carried out according to the 

following parameters of the investigated installation, 

CIF control system, as well as reference signals: Lb = 

Lpv = Lw = 5 mH, Ll = 1 mH, Lsc = 2 uH, Cbus = 

3,3 mF, V*
bus = 48 V, V*

sc = 22 V, r11 = 0,005,  j23 = 

0,05, r22 = 0,03, j13 = 0,3. 

The simulation results in the form of time 

diagrams of the main coordinates of the system are 

shown in Fig. 3, Fig. 4, Fig. 5, Fig. 6, Fig.7, Fig. 8 

and Fig.9. 
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Fig. 2. Computer model of the investigated hybrid power plant with elements  

of energy generation and energy storage 
Source: compiled by the authors 

 

  
Fig. 3. Intensity of solar radiation and wind speed 

Source: compiled by the authors 

 

     
Fig. 4. Voltage and current of the solar power plant 

Source: compiled by the authors 
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Fig. 5. Voltage and current at the output of the wind turbine rectifier 

Source: compiled by the authors 

 

     
Fig. 6. Load back EMF and DC bus voltage 

Source: compiled by the authors 

 

 

 
Fig. 7. Battery voltage and current 

Source: compiled by the authors 
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Fig. 8. Supercapacitor module voltage and current 

Source: compiled by the authors 

 

 

Fig. 9. SOC battery and supercapacitor module 
Source: compiled by the authors 

 

The results show that all three control systems 

generally perform according to SCM tasks: under 

the action of disturbances in the form of changes in 

the generated capacity of the solar panel (Fig. 4) and 

wind turbine (Fig. 5), as well as load (Fig. 6) support 

with a certain accuracy, the voltage on the DC bus at 

the level of 48 V (Fig. 6), and the voltage on the 

SCM at the level of 22 V (Fig. 8). In this case, the 

change in battery current under the action of 

perturbations occurs smoothly (Fig. 7), and rapid 

changes are covered by rapid changes in the SCM 

current at the beginning of the perturbations (Fig. 8). 

Introduction of additional interconnections in the 

system of passive control (“System 2” and “System 

3” in comparison with “System 1”) positively 

influences quality of system work: errors of 

regulation of voltages of DC bus and SCM in the 

established modes decrease, battery currents 

decrease and, accordingly, its SOC reducing is 

smaller (Fig. 9). “System 2” shows slightly better 

results compared to “System 1”. However, “System 

1”, which has no additional interconnections and 

damping, which eliminates the need to adjust it, 

because the flow of energies occurs naturally, 

however, it ensures the operation according to 

reference signals at a sufficiently satisfactory level. 

CONCLUSIONS 

The use of a passivity-based control system 

with the formation of the desired interconnections 

and damping allows you to solve a range of 

problems of forming the desired static and dynamic 
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characteristics by controlling the energy flows in the 

system. The conducted researches allowed analyzing 

the possibilities of the passivity-based control 

system on the example of a rather complicate 

electric generation complex with a hybrid system of 

electric energy accumulation. The obtained results 

illustrate that synthesized CIFs work out the 

reference signals with high enough accuracy, 

providing high-quality transients in the system. At 

the same time, with the help of the developed 

synthesis technique, it is possible to quickly obtain a 

number of CIF structures with different properties, 

to compare the efficiency of these structures by 

computer simulation and adjust their parameters. 
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АНОТАЦІЯ 
 

Прагнення енергетичної незалежності зумовлює використання різного типу елементів генерування енергії з 

відновлюваних джерел, для роботи яких в автономному режимі необхідні пристрої накопичення енергії. Створений таки 

чином електрогенеруючий комплекс повинен виконувати низку завдань, які формуються системою енергетичного 

менеджменту. Виконання цих завдань та забезпечення належних статичних і динамічних характеристик роботи цього 

комплексу з багатьма входами і виходами здійснює система керування. Як показують результати останніх досліджень у 

світі, а також досвід авторів цієї роботи, для побудови подібних систем керування доцільно застосувати пасивне 

керування (Passivity-Based Control – PBC), представивши об’єкт керування як гамільтонову систему з керованими 

портами (Port-Controlled Hamiltonian System - PHS). Завдяки розробленому методу введення додаткових взаємозв’язків та 

демпфування (Interconnection & Damping Assignment – IDA) пасивне керування дає широкі можливості для налаштувань 

керуючих впливів, забезпечуючи при цьому асимптотичну стійкість системи в цілому. Це особливо корисно у складній 

системі, що розглядається в даній роботі і включає в себе як гібридну енергоустановку генерування електроенергії від 

сонця і вітру, так і гібридну установку накопичення енергії в акумуляторній батареї та суперконденсаторному модулі. У 

даній статті показано процедуру синтезу системи пасивного керування, за якою сформовано та досліджено три структури 

формувачів керуючих впливів (ФКВ) з різними комбінаціями додатково введених взаємозв’язків та демпфувань, що дає 

можливість сформувати бажані перетікання енергії в середині замкненої системи, а отже і забезпечити бажані результати 

керування. Серед них, зокрема, є завдання підтримання напруг на шині мережі постійного струму та 

суперконденсаторному модулі на заданих рівнях, плавність перехідних процесів струму в акумуляторній батареї. 

Проведено порівняльні симуляційні дослідження на створеній в середовищі Matlab/Simulink комп’ютерній моделі 

електрогенеруючого комплексу з використанням синтезованих систем керування, які показали ефективність їх роботи  та 

переваги різних структур ФКВ. 

Ключові слова: Енергогенеруючий комплекс; сонячна електроустановка; вітрова енергоустановка; гібридна 

акумуляторно-суперконденсаторна система нагромадження енергії; пасивне керування (РВС); гамільтонова система з 

керованими портами (РСН); синтез взаємозв’язків і демпфування (IDA) 
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