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Abstract: In the near future, seeing more than one energy storage device in mobile 

device power systems will be possible. In today’s technology, although Lithium-ion (Li-

ion) battery cells stand out with their high energy density and superior cell voltage 

advantages, they suffer from limited cycle lives. A highly efficient hybrid power system 

can be created when high-power density ultracapacitors (UC) are combined with battery 

cells. However, since the cell voltages and power densities of these two energy storage 

devices are not equal, both the charge voltages and charge currents will be different from 

each other. This study proposes a single-input, multi-output cascade buck converter 

structure to synchronously charge battery and ultracapacitor cells. Converter parameters 

are calculated according to the charge powers of energy storage devices, and a cascade 

controller structure is designed to control charge current and cell voltage separately. The 

proposed synchronous charging system is tested using two different procedures: constant 

current (CC) mode, where reference currents are closely monitored, and constant voltage 

(CV) mode, where the charge voltage is limited. According to the results obtained, it was 

observed that the proposed system closely followed the reference currents in a short time 

of 6𝑚𝑠 with a slight overshoot rate of approximately 8% in all tests. 

 

 

Pil/Ultrakapasitör Hibrit Enerji Depolama Sistemlerinin Senkron Şarj Uygulamaları İçin 

Tek Girişli Çok Çıkışlı Düşürücü Dönüştürücünün Kademeli Kontrolü  
 

 

Anahtar Kelimeler 

Lityum-iyon piller, Ultra-

kapasitör, Hibrit enerji 

depolama sistemleri,  

Çok çıkışlı DC-DC 

dönüştürücüler, 

Hibrit şarj sistemleri 

Öz: Yakın gelecekte, mobil cihaz güç sistemlerinde birden fazla enerji depolama aygıtı 

görmek mümkün olacaktır. Günümüz teknolojisinde Lityum-iyon (Li-ion) pil hücreleri 

yüksek enerji yoğunluğu ve üstün hücre voltajı avantajlarıyla öne çıksa da sınırlı çevrim 

ömürlerinden muzdariptir. Yüksek güç yoğunluklu ultra kapasitörler (UC) pil 

hücreleriyle birleştirildiğinde, oldukça verimli bir hibrit güç sistemi oluşturulabilir. 

Ancak, bu iki enerji depolama aygıtının hücre voltajları ve güç yoğunlukları eşit 

olmadığından hem şarj voltajları hem de şarj akımları birbirinden farklı olacaktır. Bu 

çalışmada, pil ve ultra kapasitör hücrelerini senkron olarak şarj etmek için tek girişli, çok 

çıkışlı bir kademeli düşürücü dönüştürücü yapısı önerilmiştir. Dönüştürücü 

parametreleri, enerji depolama aygıtlarının şarj güçlerine göre hesaplanmış ve şarj 

akımlarının ve hücre voltajlarının ayrı ayrı kontrolü için bir kademeli denetleyici yapısı 

tasarlanmıştır. Önerilen senkron şarj sistemi, referans akımlarının yakından izlendiği 

sürekli akım (CC) modu ve şarj voltajının sınırlandırıldığı sürekli voltaj (CV) modu 

olmak üzere iki farklı prosedür kullanılarak test edilmiştir. Elde edilen sonuçlara göre 

önerilen sistemin tüm testlerde yaklaşık %8’lik hafif bir aşma oranıyla 6𝑚𝑠 gibi kısa bir 

sürede referans akımlarını yakından takip ettiği gözlenmiştir. 
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1. INTRODUCTION 

 

Governments and countries' global economic growth 

targets and the increased industrialization rate have 

caused a significant increase in energy consumption 

levels in recent years [1, 2]. The development of energy 

storage systems has an active role in spreading portable 

electronic devices and advancing minimum carbon 

footprint targets [3-5]. The energy and power capacities 

of energy storage devices are very important for the 

sustainability of these systems. In addition to these critical 

features, power converters provide bidirectional power  

flow from energy storage devices to the load side and 

from the load side to the energy storage devices [6]. Power 

electronic converters are frequently used in renewable 

energy systems due to the constant DC bus voltage 

required for high power quality [7-9]. As is known, the 

cell voltages of energy storage devices (e.g., battery or 

ultracapacitor cells) decrease over time in the discharge 

state [10]. This situation continues up to a specific cut-off 

voltage in battery cells. In contrast, the terminal voltage 

of an ultracapacitor can continue till close to zero 

depending on the discharge current amplitude in the 

ultracapacitor cell. Power electronic converters are 

designed not to reflect this change on the load side. In 

addition, since the terminal voltages and discharge 

capacities of the mentioned energy storage cells are 

limited, series and parallel connection of these devices 

may not meet this demand in loads that require high 

supply voltage or high supply current. In energy storage 

systems, if the terminal voltage on the source side is 

greater than the supply voltage on the load side, buck 

converters (conventional buck [11], quadratic buck [12], 

buck-boost [13] , etc.) are used. If the supply voltage on 

the load side is greater than the terminal voltage on the 

source side, boost converters (conventional boost [14], 

Cuk [15], SEPIC [16], buck-boost, etc.) are used to 

equalize the source-load potential. Energy storage devices 

should be charged with a limited terminal current 

generated at a limited terminal voltage. These limited 

values are usually provided by the manufacturer. These 

values should not be exceeded during the charging and 

discharging processes for long-term use and safe 

operation of the devices [17]. Therefore, in an energy 

storage system designed using power converters, only 

averaged voltage mode control or averaged current mode 

control may not fully meet a high-performance and high-

security charging process. As a result, separate control of 

the charging voltage and charging current is essential for 

performance and efficiency, especially safety in energy 

storage devices. In [12], a second-order buck converter 

was proposed as a competitive alternative to battery 

charging systems. In the study where the cascade control 

technique was used in charge control, a constant current 

constant voltage (CC-CV) charging protocol was adopted 

using three control loops. This protocol is the most 

common method for charging battery cells or packs. In 

[18]  a bidirectional buck-boost converter was used to 

provide power from the sources to the vehicle drive 

system and store regenerative braking currents for electric 

vehicles consisting of battery and supercapacitor packs. A 

fully active topology structure was used in the study, and 

a two-stage control technique was applied over the 

inductor current and DC bus voltage. However, the 

external charging states of the battery and supercapacitor 

packs were not examined. Most studies on energy storage 

systems consisting of battery and supercapacitor packs 

have focused on efficiently sharing energy and power 

between these two sources [19-21]. In systems with 

hybrid energy storage units, the charging conditions of the 

devices are as important as the effective power sharing 

between the devices. Especially in electric vehicles 

containing battery and supercapacitor packs, the state of 

charge (SoC) of the battery and supercapacitor packs may 

differ after a specific driving cycle [22]. This is usually 

due to the power-sharing technique adopted in energy 

management. In addition, the different energy and power 

densities of the devices are another factor affecting the 

SoC difference [23]. It has been reported that operating 

lithium-ion batteries, which are frequently used in electric 

vehicles, in the 10% − 70% SoC range positively affects 

battery health and life [24]. This range can be used for 

much more expansive limits for ultracapacitor packs. 

However, ultracapacitors used in hybrid energy storage 

systems are generally preferred to protect the battery 

packs from high currents during charging and discharging 

[25]. Therefore, the supercapacitor packs in these systems 

should be operated in a SoC range that can provide power 

to the load at any time on demand and store the recovered 

energy from the load at any time [26]. Considering these 

critical limits, at the end of a certain driving cycle for 

electric vehicles or the end of a certain load supply for 

energy storage systems, the battery and ultracapacitor 

must be charged to meet the next load requirements. The 

charging process can be carried out in three ways: 𝑖) 

While the battery group is charged, the ultracapacitor 

group can be charged using only the recovered energy, 

considering it operates within a specific SoC range, 𝑖𝑖) 

After the battery group is charged, the charging 

requirement of the ultracapacitor group can be provided 

by the battery group with the help of a power converter. 

Both techniques mentioned above can extend the charging 

time of the ultracapacitor group, shorten the battery usage 

time, and negatively affect the system's efficiency. 𝑖𝑖𝑖) 

The battery and ultracapacitor group can charge 

synchronously via a cascade-connected power converter. 

Thus, the battery and ultracapacitor groups are charged to 

the determined maximum SoC level at the end of the 

charging process. The third step emphasizes the main 

contribution of this study. A new technique based on 

synchronous charging of both battery and ultracapacitor 

packs via a single-input multi-output buck converter is 

proposed to make a critical contribution to this process. 

The proposed synchronous charging technique will 

prevent the negatives mentioned in 𝑖) and 𝑖𝑖) since it will 

charge the battery and ultracapacitor packs 

simultaneously. Thus, the ultracapacitor can provide the 

necessary power at any time and store the necessary 

energy.  

 

The present paper is organized as follows. Section 2 and 

Section 3 explain the energy storage principles and 

electrical equivalent circuits of Li-ion battery and 

ultracapacitor cells, respectively. Section 4 examines the 

structure, design and control of the cascade buck 

converter in detail. Results and discussion are presented 
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in Section 5, while Section 6 includes the main findings 

of this study.  

 

2. LITHIUM-ION (LI-ION) BATTERIES 

 

Critical features such as high energy density, long service 

life, wide operating temperature range, and low self-

discharge are desired in batteries used in energy storage 

systems [27]. Among these critical features, energy 

density affects the energy supply time of the battery, while 

service life refers to the service period until the battery 

reaches the end of life (EoL). It is generally assumed that 

a battery cell has reached EOL when it has lost 20% of its 

initial capacity [28]. The battery cell must have high SoC 

retention capability and low self-discharge under negative 

temperature conditions, especially in electric vehicles 

with battery/ultracapacitor packs located in regions with 

intense winter conditions or in energy storage systems. 

Considering the features explained above, Lithium-ion 

batteries, which have these critical advantages, are 

frequently preferred in today's technology in electric 

vehicles and energy storage systems. Figure 1 represents 

the internal structure of a Li-ion battery cell [29].  

 

 
Figure 1. Behavior of a Lithium-ion battery (LiB) under charge and 

discharge conditions 

 

Lithium-ion batteries, commercialized by SONY in the 

last quarter of the 20th century, consist of a lithium metal 

oxide cathode, an electrolyte made of lithium salt, and a 

graphite anode [30]. In addition, a separator in the 

electrolyte prevents the electron transfer from the anode 

to the cathode during charging and from the cathode to the 

anode during discharging. In a commercialized Li-ion 

battery cell, the cathode is usually coated on a copper 

layer and the anode on an aluminum layer. The positively 

charged Li+ ions are attracted to the negative terminal 

when the cell is charged. During this time, the electrons 

flow in the opposite direction of the current path and pass 

to the cathode region. The cell is said to be fully charged 

when this process is completed. During the discharge 

process, this reaction occurs oppositely. An electrical 

equivalent circuit can usually represent this complex 

electrochemical transformation. The Li-ion battery cell in 

MATLAB/Simulink Simscape/Electrical was used for the 

simulation tests in this study. This cell uses the Shepherd 

electrical equivalent circuit model shown in Figure 2. 

The Shepherd battery model in Figure 2 is shown among 

the best-known electrical equivalent circuit models, and 

the relationships in the charge-discharge state are given as 

follows [31]. 

 

𝑣𝑏𝑎𝑡 = 𝐸𝑏𝑎𝑡 − 𝑅𝑏𝑎𝑡𝑖𝑏𝑎𝑡 (1) 

 

𝐸𝑐ℎ = 𝐸0 − 𝐾 (
𝑄

𝑖𝑡 + 0.1𝑄
) 𝑖∗ − 𝐾 (

𝑄

𝑄 − 𝑖𝑡
) 𝑖𝑡

− 𝑅𝑏𝑎𝑡𝑖 + 𝐴𝑒−𝐵.𝑖𝑡 
(2) 

 

𝐸𝑑𝑖𝑠𝑐ℎ = 𝐸0 − 𝐾 (
𝑄

𝑄 − 𝑖𝑡
) 𝑖∗ − 𝐾 (

𝑄

𝑄 − 𝑖𝑡
) 𝑖𝑡

− 𝑅𝑏𝑎𝑡𝑖 + 𝐴𝑒−𝐵.𝑖𝑡 

(3) 

 

 
Figure 2. Shepherd battery model 

 

In the notations in Equations 1-3, 𝐸𝑑𝑖𝑠𝑐ℎ  and 𝐸𝑐ℎ 

represent the discharge and charge voltages (V), 𝐸0 is the 

open circuit voltage (OCV) (V), 𝑉𝑏𝑎𝑡  is the battery 

terminal voltage (V), 𝐾  is the polarization resistance 

coefficient (Ω), 𝑄 is the battery capacity (Ah), 𝑖𝑏𝑎𝑡 is the 

battery current (A), 𝑖∗ is the filtered battery current (A), 

𝑅𝑏𝑎𝑡 is the battery internal resistance (Ω), 𝑡 is the time (h), 

𝐴 , 𝐵  are empirical constants (V), (1/Ah), respectively. 

While the inside of the 𝑖∗ term in Equation 3 represents 

the polarization resistance, the inside of the 𝑖𝑡  term 

represents the polarization voltage. The parameters 𝐸0 , 

𝑅𝑏𝑎𝑡, 𝐾, 𝐴, 𝐵 in Equations 2 and 3 are determined using 

the nominal voltage (V) and rated capacity (Ah) values. 

In this model, the ampere-hour counting technique given 

in Equation 4 is used to determine the battery state of 

charge (SoC).  

 

𝑆𝑜𝐶𝑏𝑎𝑡 = 𝑆𝑜𝐶𝑖𝑛𝑖𝑡−𝑏𝑎𝑡 −
1

3600 ∗ 𝑄
∫ 𝑖𝑏𝑎𝑡𝑑𝑡 (4) 

 

In this study, a single cell known as the cylindrical 18650 

model, which many battery manufacturers 

commercialize, is used to perform the proposed 

synchronous charging process. Various electrical 

characteristics of this cell are given in Table 1.  

 
Table 1. Electrical parameters of the battery cell 

Parameter Description Value Unit 

𝑅𝑏𝑎𝑡 Internal resistance 14.4 mΩ 

𝑉𝑏𝑎𝑡 Nominal voltage 3.6 V 

𝑄𝑟𝑎𝑡𝑒𝑑 Rated Capacity 2.5 Ah 

𝑉𝑐𝑢𝑡−𝑜𝑓𝑓 Cut-off voltage 2.7 V 

𝑉𝑓𝑢𝑙𝑙 Fully charged voltage 4.19 V 

𝐼𝑑−𝑛𝑜𝑚 Nominal discharge current 1.087 A 

𝑆𝑜𝐶𝑖𝑛𝑖𝑡−𝑏𝑎𝑡 Initial state of charge 50(%) - 

 

The electrical parameters given in Table 1 were 

determined by considering the values of a commercialized 
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battery cell. These battery parameters can be found in the 

following reference [32]. 

 

3. ULTRACAPACITORS 

 

The limited power density, limited cycle life, and limited 

charge and discharge currents of battery technologies 

used in energy storage systems can cause range problems 

in electric vehicles and intermittent power flow in grid-

connected systems. Since battery groups convert chemical 

energy into electrical energy, they have slow dynamics 

due to a series of chemical reactions. In addition, the 

lithium inventory loss (LLI) during each charge and the 

active material loss (LAM) that arises depending on the 

number of cycles limit the battery service life. Therefore, 

using ultracapacitors with high power density and cycle 

life [33], and can withstand sudden current changes in 

energy storage systems containing battery packs has 

contributed to solving the abovementioned problems. 

Another feature of ultracapacitors is that they can store 

energy produced from intermittent renewable energy 

sources (e.g., wind and solar) or high regenerative 

currents occurring in electric vehicles. 

 

 
Figure 3. Structure of an ultracapacitor in the charged state 

 

A schematic diagram of an ultracapacitor in the charged 

state is shown in Figure 3 [34]. An ultracapacitor or 

electric double layer capacitor (EDLC) consists of two 

porous electrodes, two electrolytes, a separator, and a 

current collector. Since the porous electrodes increase the 

surface area, these devices can be manufactured up to 

thousands of Farads. The capacitance of an ultracapacitor 

is similar to that of conventional capacitors and can be 

given as follows. 

 

𝐶𝑈𝐶 =
𝜀𝑟𝜀0𝐴

𝑑
 (5) 

 

In Equation 5, 𝐶  represents the capacitance of the 

ultracapacitor, 𝜀𝑟  is the dielectric constant of the 

electrolyte, 𝜀0 is the dielectric constant of the vacuum, 𝑑 

is the effective thickness of the double layer, and 𝐴 is the 

accessible surface area. In addition, the separator 

immersed in the electrolyte prevents electrical contact 

between the electrodes [35]. The energy stored in an 

ultracapacitor is given as follows: 

 

𝑊𝑢𝑐 =
1

2
𝐶𝑢𝑐𝑉𝑢𝑐

2  (6) 

In Equation 6, 𝑊𝑢𝑐  represents the amount of stored 

energy, 𝐶𝑢𝑐 represents the capacitance, and 𝑉𝑢𝑐 represents 

the terminal voltage. As in battery applications, 

ultracapacitors can also be represented by electrical 

equivalent circuit models. The Zubieta model [36] is often 

preferred among these equivalent circuits, as it provides 

close values in both simulation and experimental 

applications. 

 

 
Figure 4. Zubieta ultracapacitor model 

 

In the notations in Figure 4, 𝐶1, 𝐶2, and 𝐶3 represent fixed 

capacitances, and 𝐶𝑣  represents voltage-dependent 

capacitance (Differential capacitance). 𝑅1 , 𝑅2 , and 𝑅3 

represent fixed resistances, 𝑅𝑑  represents self-discharge 

resistance, 𝑖1, 𝑖2, 𝑖3, and 𝑖𝑑 represent the branch current to 

which they are connected. To represent the voltage-

dependent capacitance gain 𝐾𝑣 , the 𝑖1  current in the 

electrical equivalent circuit can be expressed as follows 

depending on the voltage (𝑉𝐶1
) between the 𝐶𝑣  and 𝐶1 

capacitors. 

 

𝑖1 = (𝐶1 + 𝐾𝑣𝑉𝐶1
)

𝑑𝑉𝐶1

𝑑𝑡
                    𝑖𝑓 𝑉𝐶1

> 0 (7) 

 

𝑖1 = 𝐶1

𝑑𝑉𝐶1

𝑑𝑡
                                        𝑖𝑓 𝑉𝐶1

< 0 (8) 

 

The currents of the second and third branches can be 

determined by 𝑖𝑛 = 𝐶𝑛
𝑑𝑉𝐶𝑛

𝑑𝑡
⁄ , {𝑛 ∈ 2, 3}. The SoC of 

the ultracapacitor is directly proportional to the terminal 

voltage and can be determined as follows. 

 

𝑆𝑜𝐶𝑢𝑐 =
𝑄𝑖𝑛𝑖𝑡−𝑢𝑐

𝐶𝑢𝑐𝑉𝑢𝑐

∫ 𝑖𝑢𝑐𝑑𝑡 (9) 

 

The electrical properties of the cylindrical model 

ultracapacitor cell for the synchronous charging process 

proposed in this study are given in Table 2.  

 
Table 2. Electrical parameters of the ultracapacitor cell 

Parameter Description Value Unit 

𝑅𝐸𝑆𝑅 Equivalent series resistance 8.9 mΩ 

𝑉𝑟𝑎𝑡𝑒𝑑 Rated voltage 2.7 V 

𝐶𝑟𝑎𝑡𝑒𝑑 Rated Capacity 30 F 

𝑉𝑖𝑛𝑖𝑡 Initial voltage 1.5 V 

𝑆𝑜𝐶𝑖𝑛𝑖𝑡−𝑢𝑐 Initial state of charge 49.5(%) - 

 

The electrical parameters given in Table 2 were 

determined by considering the values of a commercialized 
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ultracapacitor cell. These ultracapacitor parameters can be 

found in the following reference [37]. 

 

4. BUCK CONVERTER 

 

DC-DC converters are power electronic devices used to 

meet load requirements with different voltage and current 

levels. Buck converters with low voltage gain can 

theoretically change the voltage applied from the input 

stage to the output stage between zero and the input 

voltage thanks to the appropriate switch duty ratio 

(𝑑 = 𝑉𝑜 𝑉𝑠⁄ ). For this reason, they are widely used in 

mobile devices, wearable technologies, battery 

applications, electric vehicles, and energy harvesting 

systems where low voltage is required [38]. 

 

 
Figure 5. Buck converter operating modes and waveforms

Buck converters consist of an inductor (𝐿) to ensure the 

continuity of the load current (𝑖𝑜), a power MOSFET (𝑆) 

positioned between the source (𝑉𝑠) and the load (𝑅) to 

adjust the load voltage (𝑉𝑜), a diode (𝐷) that will work 

complementarily with this MOSFET and a capacitor (𝐶) 

to prevent load voltage ripples. The equivalent circuit of 

a conventional buck converter is shown in Figure 5a. As 

in conventional DC-DC power converters, the operation 

of the buck converter is examined in two modes. These 

modes are determined by the on and off states of the 

switch 𝑆. 

 

𝐿
𝑑𝑖𝐿(𝑡)

𝑑𝑡
= 𝑉𝑠 − (1 − 𝑑(𝑡))𝑉𝑐(𝑡) (10) 

 

𝐶
𝑑𝑉𝑐(𝑡)

𝑑𝑡
= 𝑖𝐿(1 − 𝑑(𝑡)) −

𝑉𝑐(𝑡)

𝑅
 (11) 

 

Mode 1 starts with the 𝑆 switch turning on, as shown in 

Figure 5b, and theoretically, the inductor current is 

assumed to increase linearly (𝑑𝑇𝑠) . Mode 2, shown in 

Figure 5c, starts when switch 𝑆 completes its duty cycle. 

In this case, 𝐷 is turned on. The switching between 𝑆 and  

𝐷  occurs immediately in simulation applications but 

requires a very short dead time interval (usually in the 

microsecond levels) in experimental applications. In this 

case, the inductor current is assumed to decrease linearly 

(1 − 𝑑𝑇𝑠) . In the buck converter circuit in Figure 5a, 

�̇�(𝑡) = [𝑖𝐿(𝑡) 𝑉𝐶(𝑡)]𝑇 are the state variables. When the 

switching function 𝑑 is considered, the state equations of 

the circuit are as in Equations 10 and 11. 

 

The linear model of the DC-DC buck converter can be 

modeled in the MATLAB/Simulink simulation 

environment using Equations 10 and 11. In addition, using 

these equations, the state space matrices and transfer 

functions of the buck converter can be written as follows. 

  

𝐴 = [
0 −1

𝐿⁄

1
𝐶⁄ −1

𝑅𝐶⁄
] , 𝐵 = [

1
𝐿⁄

0
] 𝑉𝑠, 𝐶 = [0 1] (12) 

 

𝐺(𝑠) =

𝑉𝑠
𝐿𝐶⁄

𝑠2 + (1
𝑅𝐶⁄ )𝑠 + 1

𝐿𝐶⁄
 (13) 
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3.1. Buck Converter Design 

 

Power converters are generally examined in two operating 

modes, namely continuous conduction mode (CCM) and 

discontinuous conduction mode (DCM) [39]. In Mode 1 

in CCM, the load power is supplied by the input source, 

while it is supplied by the inductor only in Mode 2. In 

DCM, Mode 1 occurs the same way as CCM, but the load 

power drops to zero in Mode 2. The charging current and 

voltage should be continuous in power converters 

operating in energy storage systems. Otherwise, thermal 

problems will likely occur in battery cells exposed to 

intermittent charging currents. Therefore, the minimum 

values of the passive elements operating the battery and 

ultracapacitor in CCM mode must be determined. While 

determining these values, some assumptions are made for 

the fluctuation levels of the inductor current, capacitor 

voltage, and switching frequency. The manufacturer 

provides the charging and discharging current limits of the 

battery cells. In these values, charging limits are usually 

1𝐶, while discharging limits can go up to 10𝐶 [32]. The 

𝐶 value is used to express battery capacities and is defined 

as the discharge current that will discharge a fully charged 

battery in 1 hour. Considering the electrical properties of 

the battery cell used in our study, the maximum charge 

current should be limited to 1𝐶 (2500𝑚𝐴). If the charge 

voltage is 4.2𝑉, the converter output power (𝑃𝑜) should 

be 10.5𝑊 . When switching and conduction losses are 

considered, it can be said that a converter with a power of 

15𝑊 will be sufficient. Assuming that the ripple in the 

inductor current (∆𝑖𝐿) in Figure 5d is 0.2𝐴 (this value is 

usually between 20% and 40% of the output current), the 

ripple in the capacitor voltage (∆𝑣𝐶)  is 2𝑚𝑉 , and the 

switching frequency (𝑓𝑠) is 100𝑘𝐻𝑧 , the filter inductor 

and capacitor values can be calculated as follows. 

 

𝐿𝑗 =
𝑉𝑜(𝑉𝑠 − 𝑉𝑜)

𝑓𝑠∆𝑖𝐿𝑉𝑠

, 𝑗 ∈ {𝑏𝑎𝑡, 𝑢𝑐} (14) 

 

𝐶𝑗 =
∆𝑖𝐿

8𝑓𝑠∆𝑉𝐶

, 𝑗 ∈ {𝑏𝑎𝑡, 𝑢𝑐} (15) 

 

According to Equations 14 and 15, converter inductances 

𝐿 = 0.682𝑚𝐻 and capacitances 𝐶 = 30𝜇𝐹 were selected 

considering converter losses. The values of passive 

elements should be selected higher than the calculated 

minimum values, considering the operating conditions of 

the converter at a very low duty ratio. 

 
Table 3. Electrical parameters of the buck converters 

Parameter Description Value Unit 

𝑉𝑠 Input voltage 12 V 

𝐿 Inductance 0.628 mH 

𝐶𝑑𝑐 DC link Capacitance 30 µF 

𝑅𝑑𝑐 DC link resistance 200 kΩ 

𝑓𝑠 Switching frequency 100 kHz 

 

Especially in buck converters with intermittent input 

current, operating conditions at high switching 

frequencies and low duty ratios may disrupt the continuity 

of the output current. Therefore, it should not be forgotten 

that the calculated passive element values are the critical 

values required to provide the specified conditions. In this 

study, the electrical parameters of the single-input multi-

output buck converter designed at the same power for 

battery and ultracapacitor synchronous charging are given 

in Table 3. The DC link resistance (𝑅𝑑𝑐), not included in 

the design phase in Table 3, prevents the output current 

from dropping to zero when the battery or ultracapacitor 

cell is disconnected from the charging terminal. If not, the 

output voltage increases excessively, creating a safety 

risk. The 𝑅𝑑𝑐, limits the voltage by keeping the converter 

output current at a minimum level, eliminating this risk. 

 

3.2. Cascade Control of Cascade Buck Converter for 

Proposed Synchronous Charge Architecture 

 

In charging applications of energy storage devices, cell 

voltage and current must be controlled separately. This 

process is achieved by the CC-CV charging technique, 

which is frequently used to extend the battery's service life 

and increase charging efficiency [40]. Power electronic 

converters are usually controlled by average voltage or 

current control. However, terminal voltage may reach 

dangerous limits in energy storage systems if only current 

control is performed. Similarly, when only voltage control 

is performed, unlimited cell current may cause 

irreversible damage to the physical and chemical 

properties of the cell [41]. Compared to ultracapacitors, 

the critical control limits mentioned above are more 

effective in battery cells. Since ultracapacitors have high 

power density, they can withstand high charging currents 

without compromising their cycle life and physical 

properties. Since the battery and the ultracapacitor cell 

will be charged synchronously in this study, the buck 

converter designed in Section 4.1 was modified to be 

single-input and multi-output. Figure 6 shows the general 

structure of the system designed for synchronous 

charging. The power stage is formed by cascading two 

buck converters in such a way that the input voltages are 

the same and the output voltages are different. Detailed 

information on the implementation of the Cascade control 

structure for power converters can be found in the 

following reference [13]. The outputs of the converters 

are connected to the battery and ultracapacitor cells, 

respectively. The control algorithms implemented for 

cascade control of the relevant converter are shown in the 

upper part of the battery converter and the lower part of 

the ultracapacitor converter. In both control flows, the 

input reference voltages (𝑉𝑗,𝑟𝑒𝑓 , 𝑗𝜖 {𝑏𝑎𝑡, 𝑢𝑐})  are cell 

charge limit voltages [42]. The reference voltages are 

compared with the cell voltages, and a reference current 

value is generated to adjust the charge current. This value 

is limited by the maximum charge and discharge currents 

provided by the manufacturer with dynamic saturation. 

Ultracapacitors can withstand much higher charge 

currents than this limit current. However, the battery and 

ultracapacitor currents were selected with closer 

amplitudes for the synchronous charging application 

carried out in this study. The dynamic saturation generates 

the reference charge current (𝐼𝑗,𝑟𝑒𝑓 , 𝑗𝜖 {𝑏𝑎𝑡, 𝑢𝑐}), which 

is compared with the output current. 
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Figure 6. Overall architecture of synchronous charge of battery and ultracapacitor cells 

 
The output of the second controller used to eliminate the 

current error produces the converter duty ratio required to 

provide the given reference values. In the control 

algorithm, the inner loop controls the charge currents 

while the outer loop controls the charge voltages. 

Therefore, cascade control is achieved by controlling 

more than one output variable. In the cascade buck 

converter in Figure 6, since the capacitor current (𝑖𝑐) and 

the protection resistor current (𝑖𝑑𝑐) are negligibly small in 

CCM, the output current (𝑖𝑏𝑎𝑡)  can be assumed to be 

equal to the inductor current (𝑖𝐿). The transfer function 

between the input variable duty ratio (𝑑) and the output 

variable inductor current (𝑖𝐿)  can be given as follows 

[43]. 

 

𝐺𝑖𝑑(𝑠) =
𝑖𝐿(𝑠)

𝑑(𝑠)
=

𝑉𝑠

𝑑𝑅
(

1 + 𝑠𝑅𝐶

𝑠2𝐿𝐶 + (𝐿
𝑅⁄ )𝑠 + 1

) (16) 

 

Similarly, the transfer function between the input variable 

duty ratio (𝑑)  and the output variable battery voltage 

(𝑉𝑏𝑎𝑡) can be given as follows [44].  

 

𝐺𝑣𝑑(𝑠) =
𝑣𝑐(𝑠)

𝑑(𝑠)
=

𝑉𝑠

𝑑
(

1

𝑠2𝐿𝐶 + (𝐿
𝑅⁄ )𝑠 + 1

) (17) 

 

Controller design can be performed using the pidTuner 

toolbox in the MATLAB environment using Equations 16 

and 17. For this study, the proportional integral (PI) 

controller structure, which is used in many applications 

due to its simple structure and robustness, was preferred. 

The PI controller transfer function is: 

 

𝐺𝑃𝐼(𝑠) = 𝐾𝑝 (1 +
1

𝑇𝑖𝑠
) (18) 

 

In Equation 18, 𝐾𝑝 represents the proportional gain, and 

𝑇𝑖  represents the integral time constant. When 

implementing the cascade control structure, it should be 

considered that the inner control loops (current control) 

will change much faster than the outer control loops 

(voltage control). For this reason, the integral time of the 

inner control loops is selected 5 to 10 times smaller than 

the outer control loops. 

 

4. RESULT AND DISCUSSION 

 

To prove the effectiveness of the proposed technique, the 

synchronous charging architecture consisting of a battery, 

ultracapacitor, and buck converter components, the details 

of which are shown in Figure 6, were modeled in the 

MATLAB/Simulink environment. The results were 

obtained separately since the energy storage devices are 

charged independently. Similar charging procedures were 

created for both the battery and the ultracapacitor cells. 

The charging procedure of the battery cell can be 
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summarized as follows: In the first step, a charging 

current of 0.2𝐶 is given to the battery cell as a reference. 

In the following steps, this rate is increased by 0.2𝐶 

every 0.5𝑠 by giving sufficient rest periods to the battery 

cell until the battery cell reaches the maximum charging 

current. When the charging current reaches the maximum 

level (1𝐶 = 2500𝑚𝐴  for the battery cell used in this 

study), this current level is maintained until the battery is 

in continuous voltage mode. The simulation results of the 

battery cell are shown in Figure 7. Figure 7a shows the 

SoC change of the battery cell during the test procedure. 

The battery cell started the charging process from the 

initial SoC level of 50%  and was charged to 

approximately 50.25%  at the end of the simulation. 

Increasing the charging current at the beginning of the 

charging process caused a slow change in the SoC. 

However, it is seen that the charging speed increases when 

the charging current reaches 1𝐶. The reason for the very 

low increase in the battery SoC is due to the short test 

period. The simulation period was kept short to show the 

cell changes during charging clearly. The change in the 

battery terminal voltage according to the reference 

charging currents is shown in Figure 7b.

 

 
Figure 7. Simulation results of battery cell, a.) SoC, b.) Terminal voltage, c.) Battery current and reference current (c1.), c2.), and c3.) are zoom of c.) 
at Z1, Z2, and Z3 regions) 

 
Two increasing effects are seen on the battery terminal 

voltage in parallel with the increase in the charging 

current. The first is the increase in the internal resistance 

voltage with the increase in the current passing through 

the battery's internal resistance. The second is due to the 

increased battery potential due to the charged Lithium 

ions passing to the cathode side under the effect of the 

charging current. The reason for the gradual increase in 

terminal voltage is directly related to the change in battery 

charging current. The changes in terminal voltage after 

each charging pulse were measured as 3.893𝑉, 3.910𝑉, 

3.926𝑉, 3.943𝑉, and 3.960𝑉. In Figure 7c, the reference 

charging current and battery charging current are shown 

in the same graph. The charging current was applied at 

times (𝑡 = 𝑘, {𝑘 𝜖 0, 0.5, 1, 1.5, 2}) and (𝑖𝑟𝑒𝑓 =

𝑛, {𝑛 𝜖 0.2𝐶, 0.4𝐶, 0.6𝐶, 0.8𝐶, 1𝐶}) , respectively. This 

procedure aims to test the robustness of the designed 

cascade control system. Since the simulation time is short 

and the charging current is changed in a very narrow 

interval, Figure 7c was examined closely at three different 

points (Z1, Z2, Z3) in order to clearly show the battery 

current tracking states of the reference. The specified Z1, 

Z2, Z3 regions are shown closely in Figure 7c1, Figure 

7c2 and Figure 7c3, respectively, as an extension of 

Figure 7c. In all three results, it is seen that the charging 

current reaches the reference value in a very short time 

and closely follows the reference with a very small 

overshoot. For the examined Z1, Z2 and Z3 regions, the 

overshoot values are measured as 7.939% , 7.944% , 

7.953%, and the settling times are approximately 6𝑚𝑠. 

These values prove the buck converter's accuracy and the 

adopted control method. In addition, to test the suitability 

of both the design values and the control algorithm for the 

buck converter, the time-dependent changes of the 

effective duty ratio (𝑑𝑏𝑎𝑡) , diode current (𝑖𝐷,𝑏𝑎𝑡) , and 

MOSFET current (𝑖𝑓𝑒𝑡,𝑏𝑎𝑡) during the charging process 
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are shown in Figure 8. Zoomed images are given on the 

right side of the relevant graph in a short period of time 

interval when the reference charging current is 0.3𝐶  to 

closely monitor the changes on the converter side during 

the test. Figure 8a shows the change in the duty ratio. At 

the beginning of the charging process, the effective duty 

ratio is captured quickly and robustly. The increase in the 

duty ratio because of the change in the charging currents 

can be observed in the range of 0 < 𝑡 < 2 seconds and 

increases with time when the charging current is fixed at 

1𝐶. This is because the battery cell terminal voltage (i.e. 

converter output voltage) continues to increase during the 

charging period. Figure 8b and Figure 8c show the 

converter diode and MOSFET currents, respectively. 

When looking at the zoomed-in view of Figure 8b, it is 

seen that the diode current is zero during the duty cycle 

and carries the reference current in the regions outside the 

duty cycle (1 − 𝑑). Since the diode and MOSFET in the 

converter structure work in complementary to each other, 

it is expected that the reference current will be seen on the 

MOSFET during the duty cycle. Figure 8c proves this 

expected situation.

 

 
Figure 8. Results of battery buck converter, a.) Duty cycle, b.) Reference and diode current, c.) Refence current and MOSFET current 

The results in Figure 7 and Figure 8 mainly focus on the 

current control, which is the inner loop of the designed 

cascade control system. The robustness of the voltage 

control, which constitutes the outer loop of the control 

system, can be tested when the cell terminal voltage 

reaches the charging voltage or when the battery cell is 

charged with a higher than the nominal charging voltage. 

During charging, the cell terminal voltage increases 

almost linearly to approximately 80% SoC. It is clear that 

the cell is charged in the continuous current (CC) mode in 

this region. The charging current starts to decrease when 

the cell terminal voltage reaches the charging voltage. 

After this decrease, the charging process continues in the 

continuous voltage (CV) mode. In order to test the 

effectiveness of the outer loop control mechanisms, a 

second simulation procedure was applied by starting the 

battery cell SoC from 80% . In this procedure, the 

minimum value of the charging current was selected as 

0.4𝐶  and the maximum value as 3.2𝐶 . The charging 

current comprises pulses with a period of 0.3𝑠 and a duty 

cycle of 80%. Figure 9 shows the changes in the battery 

cell exposed to these pulses. The time-dependent change 

of the charge currents (𝑖𝑐ℎ) is shown in Figure 9a. Figure 

9b shows the change of the battery cell current depending 

on the application of the charge currents. As can be seen, 

despite applying a charge current of 8𝐴  at 𝑡 = 0 , the 

external loop control mechanisms have successfully 

ensured that the terminal voltage does not exceed the 

specified limit value and have started to reduce the 

charging current. In this case, the battery cell continues to 

charge in CV mode. Afterward, the charge current is 

reduced to 1𝐴, and the CC mode is observed, where the 

charging process continues continuously at this value. 

Figure 9c and Figure 9d show the battery terminal voltage 

and the battery SoC, respectively. Limiting the battery 

terminal voltage against high charging currents again 

demonstrates the robustness of the control system. 
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Figure 9. Test results of designed control algorithm in Continuous 

Current (CC) and Continuous Voltage (CV) modes for battery cell 

 

The charging procedure of the ultracapacitor cell was 

applied similarly to the charging procedure of the battery 

cell. The only difference was that the charging currents 

were selected 0.2𝐴  lower than the battery cell, 

considering that the ultracapacitor cell would charge very 

quickly. Therefore, the ultracapacitor charging current 

was applied at times (𝑡 = 𝑘, {𝑘 𝜖 0, 0.5, 1, 1.5, 2}) and 

(𝑖𝑟𝑒𝑓 = 𝑛, {𝑛 𝜖 0.3𝐴, 0.8𝐴, 1.3𝐴, 1.8𝐴, 2𝐴}) , 

respectively. Figure 10 shows the simulation results of the 

ultracapacitor cell. The ultracapacitor SoC shown in 

Figure 10a started with a charge rate of approximately 

50% and reached approximately 75% SoC at the end of 

the test. Since the SoC of the ultracapacitor cells is 

directly proportional to the terminal voltage, it is expected 

that the response in the SoC is similar to the cell voltage 

in Figure 10b. The reason why the ultracapacitor voltage 

increases linearly depending on the charging current is 

due to the use of electrostatic principles in the energy 

storage process. Unlike batteries, since no 

electrochemical transformation occurs, the dynamics in 

the cell voltage are more linear. The ultracapacitor voltage 

was measured as 1.512𝑉 at 𝑡 = 0 and 2.229𝑉 at the end 

of the charging process. The time-dependent change of 

the selected reference current (𝑖𝑟𝑒𝑓)  and ultracapacitor 

current (𝑖𝑢𝑐)  in the ultracapacitor charging process is 

shown in Figure 10c. Since the simulation time is short 

and the charging current is changed in a very narrow 

range, Figure 10c was examined closely at three different 

points (Z4, Z5, Z6) in order to show the reference tracking 

states of the ultracapacitor current clearly. The specified 

regions Z4, Z5, and Z6 are shown closely in Figure 10c1, 

Figure 10c2, and Figure 10c3, respectively, as an 

extension of Figure 10c. In all three results, it is seen that 

the charging current reaches the reference value in a very 

short time and follows the reference closely with a very 

small overshoot. For the examined Z4, Z5, and Z6 

regions, the overshoot values are measured as 7.281%, 

7.288% , 7.312% , and the settling times are 

approximately 6𝑚𝑠.

 

 

 
Figure 10. Simulation results of ultracapacitor, a.) SoC, b.) Terminal voltage, c.) Battery current and reference current (c1.), c2.), and c3.) are zoom 
of c.) at Z4, Z5, and Z6 regions)
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Figures 11a, 11b and 11c show the time-dependent 

changes of the duty ratio (𝑑𝑢𝑐), diode current (𝑖𝐷,𝑢𝑐), and 

MOSFET current (𝑖𝑓𝑒𝑡,𝑢𝑐) of the ultracapacitor converter, 

respectively. In order to closely monitor the changes on 

the converter side during the test, close-up images of a 

short region of the time interval when the reference charge 

current is 1.3𝐴 are given on the right side of the relevant 

graph.  

 

 
Figure 11. Results of ultracapacitor buck converter, a.) Duty cycle, b.) Reference and diode current, c.) Refence current and MOSFET current 

It is seen that the duty ratio in Figure 11a increases 

linearly. This is due to the rapid increase in the 

ultracapacitor cell voltage. It is seen that the peaks in the 

duty cycle in current changes are very short time, and the 

control algorithm quickly tracks the duty ratio. It is 

expected that similar effects are seen in the diode current 

in Figure 11b and the MOSFET current in Figure 11c as 

in the battery cell. The difference is that the charge 

reference current is 0.2𝐴  lower for the ultracapacitor 

tests. Although the charge currents differ, the reference 

currents can be closely monitored thanks to the superior 

success of the designed control algorithm. Similar to the 

test procedure of the battery cell, the ultracapacitor 

converter controls the external loop mechanisms so that 

the cell limit voltage is not exceeded. Therefore, charging 

current increasing the cell voltage above the nominal 

voltage is not allowed. To check the external loop 

mechanisms of the ultracapacitor, a second test procedure 

was performed by starting the cell SoC from 80%. This 

procedure is the same as the second procedure for the 

battery cell. Figure 12 shows the test results of the inner 

(cell current control) and outer (cell voltage control) 

control mechanisms. Figure 12a shows the reference 

pulsed charging current effective at 80% at a maximum 

of 8𝐴 and a minimum of 1𝐴. The cell current (𝑖𝑢𝑐), cell 

voltage (𝑉𝑢𝑐)  and state of charge (𝑆𝑜𝐶𝑢𝑐)  in the 

ultracapacitor cell under the influence of these charging 

currents are shown in Figures 12b, 12c and 12d, 

respectively. It is observed that the charging current 

gradually decreases by increasing the cell voltage close to 

the nominal voltage, thanks to the effective operation of 

the external loop mechanisms (CV Mode). As the 

charging current is reduced to 1𝐴, the terminal voltage 

drops rapidly, and the charging current becomes 

continuous (CC Mode). 

 

Today, most electric vehicles use only battery packs as 

energy storage devices. Hybrid electric vehicles use 

battery packs as auxiliary energy sources, while fully 

electric vehicles use them as the primary energy source. 

In renewable energy systems, battery packs are 

indispensable energy storage and supply devices. In 

hybrid power systems containing battery/ultracapacitors, 

ultracapacitors meet peak currents and prevent thermal 

and cycle life problems of battery packs. Ultracapacitors 

must be operated within a specific SoC range to meet the 

peak currents demanded by the load as both source and 

storage device. Ultracapacitors can fulfill this mission by 

storing either the energy of the battery packs or the 

recovered energy originating from the load. However, 
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while sharing the battery energy with the ultracapacitor 

can cause the battery SoC to decrease rapidly, the 

ultracapacitor cannot meet the peak currents if insufficient 

recovered energy exists. Therefore, charging the 

ultracapacitor to a specific SoC while the battery is 

charging will prepare the system for power supply and 

energy storage. 

 

 
Figure 12. Test results of designed control algorithm in Continuous 
Current (CC) and Continuous Voltage (CV) modes for ultracapacitor 

cell 

 

4. CONCLUSION 

 

In the near future, when hybrid power systems using more 

than one energy storage device are widespread, the 

process of charging these devices separately will come to 

light. Especially in battery/ultracapacitor systems, which 

have been the subject of a serious research attack in recent 

years, the synchronous charging process may be of vital 

importance in terms of charging time. In this study, a 

battery and ultracapacitor synchronous charging system 

has been developed for small power applications. 

Although all simulation tests have been performed at cell 

size, the proposed system can easily be applied to larger-

volume hybrid power systems. The superior success of the 

designed buck converter in capturing the reference 

charging currents proves that the critical calculations of 

the control algorithm are performed effectively. In 

addition, the designed control structure has shown 

superior success in obtaining both medium-level duty 

ratios (battery cell test) and low-level duty ratios 

(ultracapacitor cell test). In addition, the proposed 

synchronous charging system has provided serious 

performance by monitoring all reference charging 

currents with approximately 8%  overshoot and 6𝑚𝑠 

settling time. The obtained results prove the applicability 

of the cascading control technique implemented in the 

buck converter structure in both continuous current and 

continuous voltage modes. In future studies, it is planned 

to realize a cell-sized hardware prototype for HESS 

containing battery and ultracapacitor cells using the 

technique proposed in this study. 
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