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ABSTRACT 

 

Power Electronics Intensive Energy Management Solutions 

for Hybrid Electric and Plug-in Hybrid Electric Vehicle 

Energy Storage Systems 

Zahra Amjadi, Ph.D 

Concordia University, 2011 

Batteries, ultra capacitors (UCs), and fuel cells (FCs) are widely being proposed for 

electric and plug-in hybrid electric vehicles (EVs/PHEVs) as energy sources. The 

increasing popularity of EVs and PHEVs can be attributed to the savings in fuel costs, 

compared to conventional internal combustion engine (ICE) vehicles. EVs and PHEVs 

save energy due to the employment of reverse regenerating braking, during the 

deceleration cycle. This recuperated energy can be proficiently stored in batteries and/or 

ultra-capacitors. In general, the design of an intelligent control strategy for coordinated 

power distribution is a critical issue for ultra-capacitor supported PHEV energy storage 

systems. Implementation of several control methods have been presented in related 

literature, with the goal of improving battery life and overall vehicle efficiency. The 

control objectives vary with respect to vehicle velocity, power demand, and state-of-

charge of both the batteries and ultra-capacitors. Hence, an optimal control strategy 

design is a critical aspect of an all-electric/plug-in hybrid electric vehicle operational 

characteristic. 
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This thesis deals with the detailed analysis and novel hybrid controller design for 

bidirectional energy management solutions, using smart power electronic DC/DC 

converter solutions. More specifically, an intelligently designed novel digital control 

technique is presented for a 4-quadrant switched-capacitor Luo (4Q SC Luo) DC/DC 

converter. Features of voltage step-down, step-up, and bi-directional power flow are 

integrated into a single circuit. The novel control strategy enables simpler dynamics, 

compared to a standard buck converter with input filter, superior regulation capability, 

lower source current ripple, ease of control, and continuous input current waveform in 

buck and boost modes of operation. Furthermore, the proposed novel control strategy 

depicts high converter power density, high efficiency, and simple structure. 
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CHAPTER 1 

INTRODUCTION 

 

With the reduction of fossil fuel and increasing fuel costs, the introduction of new 

transportation technologies has attracted much attention. These technologies consist of 

electric vehicles (EV), hybrid electric vehicles (HEV), plug-in hybrid electric vehicles 

(PHEV), and fuel cell vehicles (FCV). A hybrid electric vehicle (HEV) is one which 

combines a conventional internal combustion engine (ICE) system with an electric 

propulsion system. A PHEV is similar to an HEV from the drivetrain point of view, 

except that it has a larger on-board battery pack, which can be charged from an external 

electricity source. The electric traction motor either assists the ICE (in parallel HEVs) or 

is the only mechanical link to the wheels (in series HEVs). The feature of external battery 

charging poses the advantage of allowing the vehicle to run for some distance without use 

of the ICE, thus reducing the use of fuel. EVs and PHEVs save energy due to the 

employment of regenerative braking during the deceleration cycle. This recuperated 

energy can be proficiently stored in batteries and/or ultra-capacitors [1], [2]. 

1.1. BATTERY AND ULTRA-CAPACITOR CHARACTERISTICS 

An electric vehicle (EV) battery is able to store large amounts of energy (in the order 

of 1kW/kg; 100Wh/kg). However, it is not suitable for supplying a large amount of 

power in a very short time, due to low power output density. An increase in efficiency of 

energy source can be achieved by using a smaller battery, with a lower peak output 

power. The lead acid, alkaline, and lithium-ion batteries are generally used for portable 
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utilities and industry applications. As for the lithium-ion battery, it has the advantage of 

high working cell voltage, low environmental population, low self-discharge rate, and 

high power density in volume as well as high specific energy and energy density. 

Therefore that voltage in a single battery cell is inherently low. Series-connected lithium-

ion battery packs are usually employed for EVs, hybrid electric vehicles (HEVs), and 

plug-in hybrid electric vehicles (PHEVs). [3]-[7]. 

 A UC has low storage capacity, but possesses the ability to supply a large burst of 

power (in the order of 10kW/kg; 1Wh/kg) and short charge/discharge time. Due to the 

low voltage of a single UC cell, which is typically 2.5-3.0 V in a fully charged state; 

series connected UC strings with the bus voltage in the range of 300V-400V is necessary 

for high voltage applications such as EV, HEV and PHEV [8], [9]. 

The battery is used to supply a large amount of power at light loads, thereby 

increasing the total efficiency, whereas the UC bank is used for satisfying EV/HEV 

acceleration and regenerative braking requirements. Such a scenario also helps improve 

the on-board battery life time. The combination of battery and UC results in reduced size 

and weight of the overall energy storage system. Together, an UC and battery can 

combine to meet the storage and peak current characteristics. This is achieved by 

connecting 2 energy sources in a parallel configuration [3]-[5]. 

1.2. HYBRID ELECTRIC DRIVETRAIN ARCHITECTURES 

Primarily, three HEV drive train configurations exist, namely; series, parallel, and 

series-parallel configurations. Due to the varying sizes of the drive trains and the 

availability of space on the vehicle; parallel and series-parallel hybrid drive trains are 

used in smaller passenger vehicles, while the series configuration is deemed suitable for 
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larger vehicles [10]-[22]. Each configuration will be discussed in detail in the following 

sections. 

1.2.1. SERIES HYBRID ELECTRIC DRIVETRAINS 

A series hybrid electric drive train is consisted of 2 power sources feed a single 

electric motor. The unidirectional energy source is a fuel tank and unidirectional energy 

converter is an ICE coupled to a generator. Also, output of generator is connected to a 

DC/DC bidirectional converter.  

The bidirectional energy source is an electrochemical battery bank, connected to 

DC/DC converter. Therefore, drive train needs to battery charger to charge of battery 

cells. The DC/DC bidirectional converter is connected to controller of electric motor and 

electric traction motor can be controlled as a motor or generator in a forward or reverse 

mode.  

Main advantage of series configuration is that ICE output power is buffered by the 

battery bank, which allow ICE operate at steady state in its most efficient mode to 

provide minimum fuel consumption and low emissions. An example of series HEV is 

Chevrolet Volt with plug-in option. Fig. 1-1 is depicted a series hybrid electric drive train. 
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Fig. 1-1. Series hybrid electric drive train. 

The battery cells can be replaced by other hybrid energy sources such as UC’s or 

flywheels [23]. 

1.2.2. PARALLEL HYBRID ELECTRIC DRIVETRAINS 

A parallel hybrid electric drive train is configuration with 2 power paths; also that ICE 

or electric population system or both can be used to produce the power to turn the wheels. 

The engine is used for high way driving and electric traction motor provides added power 

during hill climbs, acceleration and other periods of high demand. 
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Main advantage of parallel configuration is in term of transfer efficiency in compared 

to series hybrid electric drive trains, because ICE power need not convert to electrical 

energy before being delivered to the wheels. In this technique, electric traction motor can 

be used as a generator for charge of the battery cells during regenerative brake or absorb 

power from engine when its output power is greater than that required to drive the wheels 

[23]. Examples of Parallel HEVs include the Honda Insight, Honda Civic, and Honda 

Accord. Fig. 1-2 is shown a parallel hybrid electric drive train. 
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Fig. 1-2. Parallel hybrid electric drive train. 
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1.2.3. SERIES-PARALLEL HYBRID ELECTRIC DRIVETRAINS 

The series-parallel hybrid electric drive train is combined series and parallel 

configurations. But this technique involves an additional mechanical link as compared 

with series hybrid vehicle and also, an additional generator as compared with parallel 

hybrid vehicle [23]. An example of a series-parallel HEV is the popular Toyota Prius. 

Fig. 1-3 is shown a series- parallel hybrid electric drive train. 
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Fig. 1-3. Series- parallel hybrid electric drive train. 
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A combination of UC and battery results in a hybrid energy storage system (HESS). 

This configuration can be either passively or actively connected. An actively connected 

configuration requires power electronic components, which drive their costs upwards. 

The actively connected HESS regulates transfer of energy to and from each component as 

well as the system, through a controllable power electronics buffer, between the battery 

cells and the UC bank. The advantage of a HESS is that the overall mass of the system 

can be potentially smaller than that of a passive configuration for the same load [10]-[22]. 

A parallel connection of battery and UC for an all-electric vehicle results in a simple 

configuration, as shown in Fig. 1-4. 

MotorUltra-

Capacitor
Battery

Electric motor 

DC/AC 

Converter

DC/DC 

Converter 

Same as Buck-

Boost

Fig. 1-4. Parallel connection of battery and UC for an all-electric vehicle. 

The arrangement for a typical 3-way PHEV ESS consists of a regenerative fuel cell 

(RFC), a UC bank, and a battery unit system. The RFC generator acts as the main energy 

source. However, it has a poor efficiency at light loads, thus relying on the battery pack, 

for light-load energy requirements. A bi-directional step-up/step-down DC/DC converter, 

as shown in Fig. 1-5, connects each power source to the DC link. 
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DC/DC 

ConverterFC

UC

DC/AC 

Inverter

Electric motor 

Wheels

Motor

Battery

 

Fig. 1-5. Typical 3-way hybrid energy storage system. 

As aforementioned, for transferring energy from each source to the DC link, a step-up 

mode of operation is used, while for charging both the UC bank and the battery storage 

system, as well as recovering braking energy, the step-down operation is used [11]-[13]. 

In this research study, Li-ion battery cells are used, the model of which includes a voltage 

source and an internal resistance (Rbat), which characterizes the system accurately. Also, 

UC is modeled by an internal resistance (Req) and an equivalent capacitance (Ceq) [24]. 

The UC and battery models used are shown in Fig. 1-6. 

R R

VUC

eq

Ceq

+

-

IUC

-

+

bat

Veq

+

-

Ibat

Vbat

(a) (b)
 

Fig. 1-6. (a) Ultra-capacitor model, (b) Battery model. 
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1.3. GOALS AND OBJECTIVES OF THE DISSERTATION 

This dissertation deals with the design of a smart novel control technique for 

bidirectional power electronic energy management systems for EV/PHEV energy storage 

systems. More specifically, the digital control technique is proposed for the popular 4Q 

switched-capacitor (SC) DC/DC converter as well as the Luo DC/DC converter. The 

main advantage of using SCCs for EV/PHEV energy management is the absence of 

transformers and inductors, which makes the complete integration of switching 

converters possible. In addition, switches are controlled by capacitors, which are charged 

and discharged through different paths, and transfer their stored energy to either the high 

voltage (HV) battery side, or the low voltage (LV) ultra-capacitor side. Furthermore, an 

SCC enables good regulation capability, low electromagnetic interference (EMI), lower 

source current ripple, ease of control, and continuous input current waveform, in both 

buck and boost modes of operation, which are critical aspects when dealing with sensitive 

current applications, such as an EV battery or UC system. For the boost mode, the 

voltage lift technique presents an excellent method to practically implement the proposed 

control strategy. Hence, by using a suitable combination of the SCC and voltage lift 

technique, a new converter with high voltage gain, high power density, high efficiency, 

low EMI, ease of control, and small size can be easily constructed. 

1.4. SUMMARY 

This chapter provided an introduction to the concept of multiple-input DC/DC power 

converters, devoted to combine power flows of multiple energy sources of on-board 

EV/PHEV energy storage systems. A hybrid arrangement, with a parallel combination of 

batteries and UCs, can significantly reduce the volume and weight of the overall EV 
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energy storage system. Furthermore, overall battery life can be significantly improved, 

due to the decrease in the output current. An electric vehicle (EV) battery is able to store 

large amounts of energy. However, it is not suitable for supplying a large amount of 

power in a very short time, due to low power output density. A UC has low storage 

capacity, but possesses the ability to supply a large burst of power and short 

charge/discharge time. 
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CHAPTER 2 

THEORETICAL BACKGROUND 

 

2.1. 2-Q ENERGY SHARING CONVERTER ALGORITHM 

A two-quadrant (2-Q) chopper has the ability to operate in two quadrants of (v-i) 

plane. Therefore, input and output voltages are positive; yet, input and output currents 

can be positive or negative. Therefore, these converters are also named current reversible 

choppers. In fact, a 2-Q DC/DC converter is combination of two basic chopper circuits; a 

step-down chopper (buck mode operation) and a step-up chopper (boost mode operation). 

Typically in EV/HEV application, the high voltage (HV) side consists of battery modules 

and the low voltage (LV) side includes of UC modules. Fig. 2-1 shows the 2- Q operation 

of a half bridge chopper. 

Low Voltage 

(UC)

+

-
High Voltage 

(Battery)
S2

S1

D1

D2

L
Vo,Avg.

Io,Avg.

Vo,Avg. > 0

Io,Avg. > 0

Vo,Avg. > 0

Io,Avg. < 0

 

Fig. 2-1. 2- Q bi-directional DC/DC converter. 

 During the buck mode, switch S1 is on and D2 starts conducting; HV side transfers its 

energy to LV side. During boost mode, switch S2 is on and D1 starts conducting. Also, 

during this interval, LV side supplies its power to HV side. Reversible current choppers 

can transfer from operating in the power mode to operating in the regenerative mode 
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smoothly, by changing only the control signals for S1 and S2. Fig. 2-2 shows both modes 

of operation (buck and boost). Fig. 2-3 depicts output current of a 2-Q chopper. 

 (UC)
+

-
 Battery

S2

S1

D2

L
IL

 (UC)
+

-
 Battery

D1

L
ID

(a)
(b)  

Fig. 2-2. (a) Buck mode operation, (b) Boost mode operation. 

D1 S1 D2 S2

K1T K2T

T

t

IO

0

 

Fig. 2-3. Output current of a 2-Q chopper. 

By changing duty cycles of the two switches, K1 and K2, not only the amplitude of the 

average of the output current changes, but also, it can be positive or negative, leading to 

2-Q operation [23]. 
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2.2. 2-Q SWITCHED CAPACITOR CONVERTER 

2.2.1. CHARGING AND DISCHARGING PROCESS OF THE 2-Q SWITCHED 

CAPACITOR CONVERTER 

A switched capacitor converter (SCC) is simply a combination of switches and 

capacitors. The different combinations of capacitors and switches result in SCC 

topologies producing an output voltage that may be higher (boost mode) or lower (buck 

mode) than the input voltage, in addition to providing polarity reversal. The switches are 

controlled by a capacitor, C, which is charged and discharged through different paths, and 

transfers its stored energy to HV side or LV side. In addition, the output voltage is 

proportional to the input voltage. SC bidirectional converters, with their large voltage 

conversion ratio, possess the potential to be one of the possible solutions for achieving 

high-efficiency conversion. At the same time, they possess the ability to realize step 

up/down of voltage [22]. Fig. 2-4 shows a type of SCC that operates in 2 operating modes 

(buck and boost mode). 

S1

S3

+ +

- -

LVHV

C

Rin

BOOST MODEBUCK MODE
D2

D3

D1

D4

S2

S4

 

Fig. 2-4. A type of switched capacitor converter. 
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The typical bidirectional SCC is composed of 4 switches, 4 diodes, and 1 capacitor C. 

For an HEV application, HV side typically consists of battery modules and LV side could 

consist of UC modules [25], [26]. In this circuit, the high voltage DC is set at 48V and 

low voltage side is set at 27 V. There exist 2 modes of operation; mode A (buck mode), 

where electrical energy is transferred from HV side to LV side, and mode B (boost 

mode), where electrical energy is transferred from LV side to HV side. 

Each mode has 2 states: on and off. Usually, each state is governed by its specific duty 

ratio, k. It is worthwhile mentioning here that there exist some serious control issues 

related to SCCs. When the circuit works in the generating mode (P≤0), the capacitor 

voltage should be compared with battery voltage. In addition, it is critical to observe as to 

which energy source demands power. If the on-board battery modules need energy and 

capacitor voltage is less than battery voltage, then as the first step, the battery pack is 

charged by the load and after that, it charges capacitor C. It must be noted that if 

capacitor voltage is greater than battery voltage, only battery is charged by the load. 

When UC modules need power, and capacitor voltage is greater than battery voltage, then 

capacitor C transfers its stored energy to the UC modules. If the capacitor voltage is less 

than the battery voltage, and the battery modules do not need energy, and are fully 

charged, they can deliver energy to capacitor C. Alternatively, when capacitor C is 

charged, it transfers its stored energy to the UC modules. At the same time, if the battery 

modules are not fully charged, the battery modules get charged by the load. Thereafter, 

the battery modules charge capacitor C. 

When the circuit works in the motoring mode (P≥0), the capacitor voltage is compared 

with the UC voltage. Close attention is paid as to which energy source should transfer 
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energy to the load. When the UC modules transfer power to the load, and the UC bank 

voltage is greater than the voltage of capacitor C, they charge capacitor C. Thereafter, 

capacitor C transfers its stored energy to the load. At the same time, if capacitor voltage 

is greater than UC voltage, it directly transfers its stored energy to the load. When the 

battery modules deliver their energy to the load, it should be established that battery 

modules are fully charged, after which they can directly transfer their energy to the load. 

If the battery modules are not fully charged, and if the capacitor voltage is less than UC 

voltage, then during the first step, UC modules charge capacitor C, followed by capacitor 

C transferring its stored energy to the battery modules. Furthermore, when the battery 

modules are charged, they deliver their energy to the load. In this state, if the capacitor 

voltage is greater than UC voltage, capacitor C is discharged. Thus, the battery modules 

are charged by capacitor C, followed by the battery modules transferring their energy to 

the load [27]-[30]. 

2.2.2. SCC OPERATING CHARACTERISTICS AND MODES  

This type converter operates in 2 modes (buck and boost operation). In buck operating 

mode, S1 and S4 are the operating switches, and capacitor C is charged by HV side. After 

this operating stage, S2 and D4 are the operating switches and capacitor C is disconnected 

from HV and transfers its stored energy to the LV side. The system schematic is shown in 

Fig. 2-5. 
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C

Rin
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+ +
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I

 

 Fig. 2-5. Buck operating mode (a) capacitor C is charged and is connected to HV, 

(b) capacitor C discharges and is disconnected from HV. 

In boost operating mode, S4 and D2 are the operating switches, capacitor C is charged 

from the LV side, through D2 and S4. After this step, S3 and D1 are the operating switches 

and capacitor C is connected in series with the LV side and gets discharged. Thus, 

capacitor C supplies energy to the HV side. This operation mode is depicted in Fig. 2-6. 

D1

S3

+ +

- -

LVHV

C

Rin

BOOST MODEBUCK MODE

S4

D2

+

-

LV

C

Rin

BOOST MODE

(a) (b)

--

++

 

 Fig. 2-6. Boost operating mode (a) capacitor C is charged, (b) capacitor C is 

discharged and is connected in series with the LV side. 
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2.2.3. CONTROLLER FOR SCC OPERATION  

When the circuit operates in the boost mode, the storage systems (UC and battery) 

supply power to load (motoring mode, P≥0). Conversely, when the circuit operates in the 

buck mode, load supplies power to the battery and UC modules (generating mode, P≤0). 

The vehicle model was used from the ADVISOR software (medium sized SUV). A 

gradient of power on the load side (drive cycle, urban driving mode) is used for the 

analysis and operation of the converter. The Δ gradient is the mean change or difference 

between 2 instantaneous power levels on the power profile. In this case, the average 

power gradient was computed as 3500W, for the chosen city drive cycle. For better 

understanding of the controller, each operation mode is denoted by a specific code. 

 When the converter operates in motoring mode, 2 conditions are chosen: If the power 

gradient on load side is between -3500 and 3500 W; battery modules supply energy to the 

load, which is denoted by a code number 4. Otherwise, UC modules supply power to 

load, denoted by codes 2 and 3. During code 4, all of switches are off and only battery 

connects to load and supplies energy. During code 2, D2 and S4 are on and capacitor C 

charges and in code 3, S3 and D1 are on and capacitor C is connected in series with the 

LV side, after which it discharges and supplies power to the HV side. 

Secondly, during motoring mode, capacitor voltage (VC) is compared with UC 

voltage. At the same time, close attention is given to the energy source that transfers 

energy to the load. For this state, 0.8*VUC is compared with VC. When UC modules or 

LV side transfer power to the load, and VC ≤ 0.8*VUC, then they charge capacitor C. 

Thereafter, capacitor C transfers its stored energy to load. When VC > 0.8*VUC, capacitor 

C directly transfers its stored energy to the load. When battery modules deliver their 
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energy to the load, it must be ensured that they are fully charged. Hence, the battery 

modules can directly transfer their energy to the load. If the battery modules are not fully 

charged, and VC ≤ 0.8*VUC, then during the first step, the UC modules charge capacitor 

C, followed by capacitor C transferring its stored energy to the battery modules. When 

the battery modules are charged, they deliver their energy to the load. If in this state, VC > 

0.8*VUC, capacitor C is directly discharged and the battery modules are charged by 

capacitor C. Thereafter, the battery modules transfer their energy to the load. 

 On the other hand, when the converter operates in generating mode, load supplies 

energy to the battery (it identifies the state to be under code 4). During this code, all 

switches are off. When load delivers power to the UC modules, it depicts codes 1 and 5. 

In this case, battery voltage must be greater than VC. Hence, VC is chosen to be less than 

0.8*battery voltage so that the battery modules can charge it. If the battery modules need 

energy, and VC ≤ 0.8*Vbattery, then during the first step, the battery is charged by load and 

after that, it charges capacitor C. When VC > 0.8*Vbattery, only battery is charged by load. 

When UC modules need power, and VC > 0.8*Vbattery, then capacitor C transfers its stored 

energy to the UC modules. If VC ≤ 0.8*Vbattery, and battery modules do not need energy 

(fully charged state), they can deliver energy to capacitor C. When capacitor C is 

charged, it transfers its stored energy to the UC modules. If the battery modules are not 

fully charged, then they get charged by the load. Thereafter, the batteries charge capacitor 

C.  

In code 1, S1 and S4 are on and capacitor C gets charged. During code 5, D4 and S2 are 

on and capacitor C is disconnected from HV side. During this time, C transfers its stored 
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energy to LV side. Table 2-1 represents switches and codes-based operation of each 

mode. Values for the parameters of the equivalent circuit are shown in Table 2-2. 

Table 2-1. Switches and codes of operation in each mode. 

Energy storage S1 D1 S2 D2 S3 S4 D4

2 OFF OFF OFF ON OFF ON OFF

3 OFF ON OFF OFF ON OFF OFF

1 ON OFF OFF OFF OFF ON OFF

5 OFF OFF ON OFF OFF OFF ON

OFFOFF OFF OFF OFF OFF

OFF OFF OFF OFF OFF

P
>

=
0

CODE

4 OFF OFF

P
<

0

Ultra-capacitor

Battery

Ultra-capacitor

Battery

4 OFF

 

Table 2-2. Equivalent parameters of battery, UC modules, and capacitor C. 

Series Resistance 

with Capacitor C 

(Ohms)

0.004Capacitor C

Capacitance (F)

13.5

110 UF

Ultra-Capacitor 

Modules
0.0001

Nominal Voltage 

(V)

48Battery Modules

Initial State-Of-

Charge

100

Rated Capacity 

(Ah)

6

Internal 

Resistance 

(Ohms)

0.2

Capacitor Initial 

Voltage (V)

 Resistance 

(Ohms)

 

The code-based operation is clearly demonstrated by means of a flowchart in Fig. 2-7. 

As is clear, codes 2 and 3 operate only during motoring mode, because UC modules must 

deliver power to the load. Also, the power gradient is out of range (-
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3500W<gradient<3500W), and hence, VC ≤ 0.8*VUC, because the UC bank can charge 

capacitor C, and then deliver power to load. When code 3 operates, VC is greater than 

0.8*VUC. Thus, only capacitor C delivers power to load side. In code 4, only battery 

modules supply energy to the load. 

Battery modules are 

half charges or fully 

charges

P>=0

(Motoring Mode)

Code4 Code1,5

NO

YES

NO

NO

YES

YES

NO

YES

Code3 Code4

YES

NO

Battery modules are 

half charges or fully 

charges

UC modules are 

half charges or 

fully charges

UC modules are 

fully charges or 

fully discharges 

or half charges 

Code2,3

-3500<Slope<3500

Battery modules are 

half charges or fully 

charges

UC modules are 

fully charges or 

fully discharges 

or half charges 

-3500<Slope<3500

UC modules are 

fully charges or 

fully discharges 

or half charges 

YES

YES

VC<=0.8VUC VC<=0.8Vbatt

NOBattery 

modules are 

half charges 

Battery modules are 

half charges or fully 

charges

UC modules are 

fully discharges or 

 half charges 

NO

Battery modules are 

half charges or fully 

charges

UC modules are 

half charges or 

fully discharges

Code5

NO

YES

 

Fig. 2-7. Code operations including charge and discharge routines of UC and battery 

modules. 

During generating mode, codes 1 and 5 operate. Again, this occurs when the power 

gradient is out of the set range (-3500W<gradient<3500W). UC modules are fully 

discharged or half-charged and, at the same time VC ≤ 0.8*Vbattery. Thus, the battery 
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modules can charge capacitor C. Thereafter, the capacitor C delivers its stored energy to 

LV side. When code 5 operates, VC is greater than 0.8*Vbattery, and hence, capacitor C 

transfers energy to the UC side. Thus, when code 4 operates, and when power gradient is 

between 3500 and -3500 value, and at the same time, when battery modules are half 

charged or fully discharged, then load feeds back energy to the battery. 

2.2.4. SCC MODELING AND SIMULATION RESULTS  

This section focuses on the modeling and simulation results and analyzes the overall 

controller operation. Figs. 2-8 and 2-9 depict power and gradient plots for load side for a 

portion of the tested drive cycle. When the converter operates in motoring mode, power 

curve is shown with value = 1, and when it operates in generating mode, it is denoted by 

value = 0, in Fig. 2-8. Thus, when gradient is between -3500W and 3500W, it is shown 

with value = 0 (battery supplies energy to the load or load delivers energy to the battery 

side) and when out of this range, value = 1, in Fig. 2-9. Fig. 2-10 shows the simulation 

result of capacitor voltage (VC) during motoring and generating modes. 

 

Fig. 2-8. Power status in simulation time. 
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Fig. 2-9. Gradient status in simulation time. 

 

Fig. 2-10. Simulation result of capacitor voltage (VC). 

This represents a just comparison between VC and 0.8*VUC and 0.8*Vbattery. When VC 

> 0.8*VUC, the capacitor voltage enables energy delivery to the load side (p≥0). This is 

denoted by value = 0, in Fig. 2-11. When VC ≤ 0.8*VUC, UC modules supply power to 
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HV side (p≥0, with attention given to the status of the UC modules). This is denoted by 

value = 1, in Fig. 2-11. 

 

Fig. 2-11. Comparison between 0.8 VUC and VC. 

When VC > 0.8*Vbattery, capacitor C delivers energy to LV side (p < 0). This is denoted 

with value = 0. But when VC ≤ 0.8*Vbattery, battery modules supply power to LV side 

(p<0, with attention given to the state of battery modules). This is denoted by a value = 1, 

in Fig. 2-12. 

 

Fig. 2-12. Comparison between 0.8Vbattery and VC. 
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Fig. 2-13 shows UC module voltage and current, when it is charged by load or battery 

modules in generating mode, or when it supplies power to load, in the motoring mode. 

The UC initial voltage is 13.5V, and the total UC voltage is set at 27 V. 

 

Fig. 2-13. UC modules voltage and current during discharge or charge. 

Additional simulation results of load power, state of charge (SOC), current, and 

voltage of battery are shown in Fig. 2-14. As is clear, current and voltage of battery are 

proportional with load power, because the battery modules connect directly to load. 
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Fig. 2-14. Simulation results of load power, state of charge (SOC), current, and voltage of 

battery. 

According to the above results and flowchart of Fig. 2-7, when capacitor C is charged 

or discharged, it transfers energy to LV or HV side. In this situation, some switches are 

on or off. Fig. 2-15 shows capacitor (C) charge and discharge status, with related 

converter operating codes. 
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Fig. 2-15. Capacitor charge and discharge status, with codes. 

In Fig. 2-15, in the interval between 1.6035s<t<1.7647s, battery modules are fully 

charged, because SOC depicts 100%, in corresponding battery behavior, shown in Fig. 2-

14. Furthermore, the UC modules are half charged, when the power curve is in generating 

mode (between 0s<t2s). Also, the power gradient curve is shown with value = 0, during 

this interval, and VC ≤ 0.8*Vbattery. Thus, during this interval, the converter operates with 

codes 1 and 5, and the battery supplies energy to capacitor C. Thereafter, when C is 

charged, it transfers its stored energy to the UC modules. When the power curve is in 

motoring mode, the gradient curve is shown with value = 1, and VC ≤ 0.8*VUC. The code 

status is depicted by 2 and 3 (UC modules supply power to load side). During this 

interval, when VC > 0.8*VUC, the code status is denoted by 3 (capacitor C directly 
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supplies power to load side). When the load power curve is in motoring mode, battery 

and UC modules are half charged, and the gradient curve is shown with value = 0. This 

means that the battery modules must deliver their energy to load, denoted by code 4. 

Alternatively, when the power curve is in generating mode, the gradient is shown with 

value = 0 and the converter operation is denoted by code 4. This indicates that load 

supplies energy to the battery modules. 

Operation of each switch is shown in Fig. 2-16. For example, when converter is 

operating under code 4, all switches are off and only battery connects to load. Also, when 

converter is operating under code 1, S1 and S4 are on, and capacitor C is charged by HV 

side. Under code 5, S2 and D4 are on, capacitor C is disconnected from HV side, and it 

transfers its stored energy to LV side. Conversely, when the converter is operating under 

code 2, D2 and S4 are on and capacitor C is charged by LV side. Under code 3 operation, 

S3 and D1 are on and capacitor C is connected in series with the LV side. Thus, capacitor 

C discharges, and supplies its energy to the HV side. 

From the propulsion system point of view, the simulation results of the tested 

separately excited DC machine are shown in Fig. 2-17. 
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Fig. 2-16. Operation of each switch in simulation time. 

 

Fig. 2-17. Speed, armature current, field current and electrical torque of DC traction 

machine. 
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As is well-known; 

                      (2-1) 

                     (2-2) 

Thus, load torque is proportional to battery current, and hence, speed of the DC 

traction machine is proportional to battery voltage. 

2.2.5. TRANSFER EFFICIENCY MODELING AND ANALYSIS  

The detailed transfer efficiency modeling and analysis of the SCC is explained in this 

section. As aforementioned, the SCC has 2 main modes of operation, the buck and boost 

mode. In buck mode, considering switching period T is small enough (compared to the 

circuit time constant), an average current can be used, to replace instantaneous value, for 

the purpose of integration. Therefore, the voltage across capacitor C can be expressed as: 
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In addition, initial values can be used, while ignoring trivial variations. Therefore, the 

current flowing through capacitor C can be written as: 

       

 
 
 

 
         

   
     

  

        
     

   
                                          

 
              

   
   

  

          
          

   
                 

  (2-4)   

Here, 

                                                

Also,    represents the parasitic resistance of all switches,    is equivalent resistance of 

capacitor,    is voltage drop of all diodes.    is the average input current during the on-
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state period kT and     is the average output current during the off-state period (1–k)T. 

The variation of the voltage across capacitor C is: 
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Or 
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Also, voltage across capacitor can be written as: 
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Hence, 
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Also, 
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In addition, the average input current is: 
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And the average output current is: 
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The total input power is given by: 

            
     

   
          (2-11) 
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And the output power is expressed as: 

                
          

   
         (2-12) 

Hence, the overall transfer efficiency can be computed as: 

  
  

  
 

                        

                
       (2-13) 

In this part focuses on efficiency calculation in boost mode. Thus, the voltage across 

capacitor C can be expressed as: 

        
      

 

 
               

 

 
  

 

 
                              

       
 

 
                

    

 
  

 

  
               

      (2-14)  

Also, current flowing through capacitor C can be written as: 
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Here,  

                                            

   is the average input current during the state-on period kT and     is the average output 

current during the state-off period (1 – k)T. The variation of the voltage across capacitor 

C is: 
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Also, the voltage across capacitor can be written as: 

   
                                

             
        (2-17) 
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Hence, 

    
                      

                 
          (2-18) 

In addition, the average input current is: 

   
 

 
                  

 

  
    

         

   
       

            

   

  

 
  (2-19) 

And the average output current is: 

   
 

 
              

            

   

 

  
       (2-20) 

Upon determining the total input and output powers, the overall transfer efficiency can be 

computed as: 

  
  

  
 

          
            

   
    

      
         

   
       

            
   

 

         (2-21) 

In steady state, the increase and decrease of the charge across a capacitor should be equal 

to each other. Therefore,    (average input current) should be equal to   (average output 

current) [31]-[34]. Hence, another easy method to calculate transfer efficiency of the 2-Q 

SCC with one capacitor, C, is: 

  
  

  
 

    

    
 

  

  
                        (2-22) 

From above analysis, it can be seen that transfer efficiency only dependent to the ratio 

of source and load voltage and it is independent of C, f, and k. 
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2.3. INTERLEAVED 2-Q SWITCHED CAPACITOR CONVERTER 

2.3.1. INTERLEAVED 2-Q SCC OPERATING CHARACTERISTICS AND 

MODES 

In this section the SCC is compared with the interleaved SCC. As a first step, the 

interleaved SCC operating characteristics and modes are explained. The interleaved SCC 

encompasses 10 switches, 10 diodes, and 3 capacitors. The operating conditions are the 

same as an SCC. The high voltage DC side (battery modules) represents the 48V DC bus, 

while the low voltage side (UC modules) represents the 27 V bus. The schematic of an 

interleaved SCC is shown in Fig. 2-18. 
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Fig. 2-18. Interleaved 2-Q SC bidirectional DC/DC converter. 

In boost operating mode, switches S10, S9, S8 and diodes D4, D3, D2 conduct, while 

other switches and diodes are off. In this case, the 3 capacitors are charged through S10, 

S9, S8, D4, D3, and D2. Also, voltage across the 3 capacitors increase, and this situation is 

denoted by codes 5, 6, and 7.  This operation mode is depicted in Fig. 2-19 (a). After this 
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step, switches S7, S6, S5 and diode D1 conduct, while other switches and diodes are off. In 

this state, the 3 capacitors are discharged through S7, S6, S5, and D1 and the voltage across 

the 3 capacitors starts decreasing. In this mode, capacitors directly transfer their stored 

energy to HV side, denoted by code 8. This operation mode is represented in Fig. 2-19 

(b). 
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Fig. 2-19. Boost mode, (a) Capacitors are charged by LV side, (b) Capacitors are 

discharged and transfer their stored energy to HV side. 

In buck operating mode, S1 and S10 are closed and D5 and D6 conduct. Other switches 

and diodes are off. In this case, the 3 capacitors are charged through S1, S10, D5, and D6, 

while the voltage across the 3 capacitors starts increasing. This state is denoted by code 1. 

This operation mode is depicted in Fig. 2-20 (a).  

After this step, S2, S3 and S4 are closed and D8, D9 and D10 start conducting, while 

other switches and diodes are off [24], [31]-[34]. In this state, the 3 capacitors are 

discharged through S2, S3, S4, D8, D9, and D10, and the voltage across the 3 capacitors 

starts decreasing. In this case, capacitors directly transfer their stored energy to the LV 

side, denoted by codes 2, 3, and 4. This operation mode is represented in Fig. 2-20 (b). 
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Fig. 2-20. Buck mode, (a) Capacitors are charged by HV side, (b) Capacitors are 

discharged and transfer their stored energy to LV side. 

Also, when battery modules supply energy to load (motoring mode) or load supplies 

energy to battery side (generating mode), the operation is denoted by code 9. Table 2-3 

represents switches and code-based operation of each mode for the interleaved SCC. 
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Table 2-3. Switches and codes of operation in each mode. 

S10 ON

D4 ON

S9 ON

D3 ON

S8 ON

D2 ON

S5 ON

S6 ON

S7 ON

D1 ON

S1, 2, 3, 4, 5, 6, 7, 8, 9, 10 OFF

D1, 2, 3, 4, 5, 6, 7, 8, 9, 10 OFF

S1 ON

S10 ON

D5 ON

D6 ON

S2 ON

D8 ON

S3 ON

D9 ON

S4 ON

D10 ON
4

Hybrid Energy 

Sources
Codes Switches & Diodes States

Battery 9

Ultra-Capacitor (UC)

1

2

3

Ultra-Capacitor (UC)

5

6

7

8

Generating or 

Buck Mode 

(P<0)

Motoring or 

Boost Mode 

(P>=0)

Buck & Boost 

Mode

 

 The ensuing section focuses on the simulation results of the interleaved SCC with 

the proposed novel control logic and similar conditions of operation for the SCC, as 

presented in the previous section. 

2.3.2. INTERLEAVED SCC MODELING AND SIMULATION RESULTS  

For modeling and simulation purposes, the load power and gradient plots are tested on 

a portion of the city drive cycle, similar to Figs. 2-8 and 2-9, in section 2.2.4. It must be 

noted that the 3 capacitors in the interleaved SCC possess the same capacitance and 
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voltage across them. Figs. 2-21 and 2-22 depict a comparison between VC1, 0.8*VUC, and 

0.8 Vbattery, respectively. 

 

Fig. 2-21. Comparison between 0.8*VUC and VC1. 

 

 Fig. 2-22. Comparison between 0.8*Vbattery and VC1. 
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Fig. 2-23 shows UC modules voltage and current, when they are charged by load or 

battery modules (in generating mode), or when they supply power to load (in motoring 

mode). 

 

Fig. 2-23. UC modules voltage and current during discharge or charge. 

Additional simulation results of load power, state of charge (SOC), current, and 

voltage of battery modules are depicted in Fig. 2-24. Furthermore, Fig. 2-25 depicts the 

charge and discharge status of each of the 3 capacitors, with related converter operating 

codes. 
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Fig. 2-24. Simulation results of load power, state of charge, current, and battery voltage. 

 

Fig. 2-25. Capacitor charge and discharge status, with codes. 
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In Fig. 2-25, in the interval 1.6035s ≤ t ≤ 1.7647s, battery modules are fully charged, 

UC modules are half charged, the power curve is in generating mode (between 0s ≤ t ≤ 

2s), gradient curve is shown with value = 0, and VC1 ≤ 0.8*Vbattery. Thus, this interval is 

represented by codes 1, 2, 3, and 4, and battery modules supply energy to the capacitors. 

When the battery modules are fully charged, they transfer their stored energy to UC 

modules. However, when the power curve is in motoring mode, the gradient curve is 

shown with value = 1, UC and battery modules are half charged, and VC1 ≤ 0.8*VUC. The 

codes status are denoted by 5, 6, 7, and 8 (UC modules supply power to load side). 

During this interval, when VC1 > 0.8*VUC, the code status is denoted by 8 (capacitors 

supply power to load). On the other hand, when the load power curve depicts motoring 

mode, the battery and UC modules are half charged, and the gradient curve has value = 0. 

This means that the battery modules must deliver their energy to load, denoted by code 9, 

or when power curve is in generating mode and gradient curve shows a value = 0. Thus, 

this mode of operation is denoted by code 9, which means load supplies energy to the 

battery modules and they start charging. The related simulation results of the tested 

separately excited DC machine are shown in Fig. 2-26. As is evident, battery current and 

voltage are proportional with current and speed of DC machine, respectively. This is 

because the battery modules connect directly to load (or motor side). 
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Fig. 2-26. Speed, armature current, field current and electrical torque of DC traction 

machine. 

Operation of each switch is shown in Fig. 2-27. For example, when the converter is 

operating under code 9, all switches are off, and only battery connects to load. Also, 

when converter is operating under code 1, S1 and S10 are closed and D5 and D6 conduct. 

The 3 capacitors (C1, C2, and C3) are charged by HV side. Under codes 2, 3, and 4, S2, S3 

and S4 are closed and D8, D9, and D10 conduct. Here, the 3 capacitors are disconnected 

from HV, and they transfer their stored energy to LV side. 
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Fig. 2-27. Operation of each switch in simulation time. 

Conversely, when the converter is operating under codes 5, 6, and 7, switches S10, S9, 

and S8 are closed and D4, D3, and D2 conduct. At this point, the 3 capacitors start 

charging. Under code 8 operation, S7, S6, and S5 are closed and D1 conducts, and the 3 

capacitors are connected in series with the LV side. At this point, the 3 capacitors start 

discharging, and supply their energy to the HV side. 
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2.3.3. TRANSFER EFFICIENCY MODELING AND ANALYSIS 

This section deals with the derivation of the transfer efficiency computation process, 

for the interleaved 2-Q SCC. The buck mode uses the current-amplification technique. 

The 3 capacitors are charged in series during on-state and the input current that flows 

through them are equal. These capacitors are discharged in parallel during off-state. 

Therefore, in essence, the output current is amplified by these capacitors. Therefore the 

voltage across capacitor C1 can be written as: 

         
       

 

 
         
 

 
      

 

 
                               

       
 

 
         
 

  
       

    

  
                     

   (2-23) 

Therefore the current flowing through capacitor C1 is: 
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Here,    is the average input current during on-state period kT and     is the average 

output current during off-state period (1–k) T. The variation of the voltage across 

capacitor C1 is: 
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Also, voltage across capacitor C1, after calculation is: 

    
                              

              
      (2-26) 

Hence, 
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           (2-27) 

The average input current is: 
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The average output current is: 

   
 

 
              

          

   

 

  
       (2-29)  

Hence, the transfer efficiency can be expressed as: 

  
  

  
 

                        

                      
       (2-30) 

The boost mode principally employs the voltage-lift technique. The 3 capacitors are 

charged in parallel during on-state. The input voltage is applied to the 3 capacitors and 

the voltage across them is equal. The capacitors are discharged in series with LV side 

during the off-state. Therefore, in essence, the output voltage is lifted by the 3 capacitors. 

The voltage across capacitor C1 in boost mode is: 

         
        

 

 
         
 

 
       

 

  
                          

        
 

 
         
 

  
        

    

 
              

      

(2-31) 

Also, current flowing through capacitor C1 is: 
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Here,    is the average input current during on-state period kT and     is the average 

output current during off-state period (1 – k)T. The variation of the voltage across 

capacitor C1 is: 

      

 

  
 
         

    
                                              

     

  
 
              

   
                              

        (2-33)  

Also, voltage across capacitor C1, after calculation, can be expressed as: 

    
                               

              
            (2-34) 

Hence, 

     
                  

                  
           (2-35) 

The average input current is:  

   
 

 
                  

 

  
    

         

   
       

              

   

  

 
   (2-36)                          

The average output current is:  

   
 

 
              

              

   

 

  
      (2-37) 

Hence, the transfer efficiency can be expressed as:  

  
  

  
 

          
              

   
    

      
         

   
       

              
   

 

                         (2-38) 

It is clear that the transfer efficiency is independent of C and f. The conduction duty, k, 

does not affect the transfer efficiency. However, k does affect PI (input power) and Po 

(output power) in a diminutive region.  
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2.4. 2-Q SC LUO CONVERTER 

2.4.1. SC LUO CONVERTER OPERATING CHARACTERISTICS AND MODES 

As aforementioned, the voltage lift technique represents an excellent method to boost 

output voltage. Hence, by using a suitable combination of the SCC and the voltage lift 

technique, a converter with high voltage gain, high power density, high efficiency, low 

EMI, ease of control, and small size can be constructed [35]-[40]. A typical system 

schematic for a 2- Q SC Luo converter, operating between HEV energy storage systems, 

is shown in Fig. 2-28. 

TRACTION 
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Inverter
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B
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-
Battery 

(HV)

Switched Capacitor LUO Converter 

+

-

+

-
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S6

S3

S2
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C2C1
Ultra 

Capacitor 
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Fig. 2-28. A typical system schematic with energy storage system and SC- Luo converter. 

This type converter utilizes 6 switches and 2 capacitors. Each switch consists of 2 

back-to-back MOSFETs in series, except S6 (1 MOSFET). It must be pointed out here 

that the 2 capacitors have same capacitance and voltage. Again, the idea is to operate this 

converter in 2 operating modes; buck and boost mode. 
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In the buck operating mode (when load power P≤0), S1, S3, S5, and S4 are on and D1, 

D3, D5, and D4 start conducting. Capacitors C1 and C2 are charged in parallel through S1, 

S3, S5, S4, D1, D3, D5, and D4. Also, the voltage across the 2 capacitors starts increasing. 

This operation is denoted by codes 1 and 2. This operation mode is depicted in Fig. 2-29 

(a). After this step, S4, S3, S5, and S2 are on and D4, D3, D5, and D2 start conducting. 

Capacitors C1 and C2 are discharged in parallel and transfer their stored energy to LV 

side. Also, the voltage across the 2 capacitors starts decreasing. This operation is denoted 

by codes 3 and 4. This operation mode is shown in Fig. 2-29 (b). 
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C2C1
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+

-

S5
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+

-

+
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S2

S4

C2C1
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+

-

S5

S3

I2

I1

IL

(a) (b)

Fig. 2-29. Buck operation mode (a) capacitors C1 and C2 are charged and are connected 

to HV side; (b) capacitors are discharged and are disconnected from HV side. 

In the boost operating mode (when load power P≥0), S2, S5, S3, and S4 are on and D2, 

D5, D3, and D4 start conducting. Capacitors C1 and C2 are charged in parallel by LV side. 

Also, the voltage across the 2 capacitors starts increasing. This operation is denoted by 

codes 5 and 6. This operation mode is depicted in Fig. 2-30 (a). After this step, S4, S6, and 

S1 are on and D4, D6, and D1 start conducting. Capacitors C1 and C2 are discharged in 



48 
 

series through S4, S6, S1, D4, D6, and D1. Also, the voltage across the 2 capacitors starts 

decreasing and this operation is denoted by code 7. This operation mode is represented in 

Fig. 2-30 (b).  
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Fig. 2-30. Boost operation mode (a) capacitors are charged and are connected to the LV 

side; (b) Capacitors are discharged and transfer their stored energy to HV side. 

Boost mode implements the voltage-lift technique, because the capacitors are charged 

in parallel during the on-state. The capacitors are discharged in series during the off-state. 

Hence, through this straightforward method, output voltage can be boosted by the 

capacitors [31], [41]-[45]. 

2.5. SUMMARY 

Comparison between a hybrid switched capacitor converter (SCC) and interleaved 

SCC are proposed that can offer features of voltage step-down, voltage step-up, and 

bidirectional power flow, associated with two or more HEV energy storage devices. 

Furthermore, detailed transfer efficiency modeling and analyses are conducted for each 

topology, for each operating mode, using the developed novel SCC control strategy. It is 
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found that the interleaved SCC has higher energy transfer efficiency, due to the fact that 

the buck mode uses the current-amplification technique and boost mode implements the 

voltage-lift technique, which elevates output current and voltage, respectively. 

This chapter also proposed a novel SCC control strategy. The control algorithm was 

tested for city driving load conditions, which depicts the following major advantages: (a) 

lower source current ripple, (b) simpler dynamics than the typical buck converter, (c) 

control simplicity, (d) continuous input current waveform in both modes of operation 

(buck and boost). 
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CHAPTER 3 

MODELING AND DESIGN OF AN ADVANCED LUO 

CONVERTER 

 

3.1. 4-Q SWITCHED CAPACITOR LUO CONVERTER 

3.1.1. CONTROLLER DESIGN FOR 4-Q SC LUO CONVERTER OPERATION 

The typical bidirectional SC Luo Converter consists of 6 switches and 2 capacitors, C1 

and C2. Fig. 3-1 shows a type of SC Luo Converter that operates in four quadrants 

(forward and reverse mode). 
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(UC)
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-

++

--

S1

S6

S7

S8

S4

C1C2

S5

S3

D5

D3

 Fig. 3-1. A typical system schematic with hybrid energy sources and SC converter. 

Each switch consists of two MOSFETs for current flow in both directions. For an 

HEV application, the high voltage (HV) side typically consists of battery modules and the 

low voltage (LV) side could consist of UC modules. In this case, the high voltage DC is 
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at 86V, low voltage side is set at 43V, and UC initial voltage is at 22V. Fig. 3-2 shows 

the complete system schematic. 
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 Fig. 3-2. Circuit schematic with hybrid energy sources and traction motor. 

When the converter operates in motoring mode (P ≥ 0), two conditions are chosen: If 

the battery current gradient is between -2mA/sec and 2mA/sec, battery modules supply 

their energy to the load and motor side. Otherwise, UC modules supply their power to 

load and motor side. Secondly, during motoring mode, output power of motor (Pout) is 

compared with load power (PL). If Pout < PL, with attention given to battery current 

gradient, UC or battery modules supply their power to the motor. Otherwise, if the 

battery modules need energy and fully discharge, the UC modules transfer their energy to 

battery or HV side. If the UC modules need energy and fully discharge, the battery 

modules deliver their energy to UC or LV side. On the other hand, when the converter 

operates in generating mode (P < 0), only the first condition is considered. In generating 

mode, the motor tends to give up its power; thus it is not compared with load power. The 

SC Luo and its modes of operation are explained in the next section. 
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3.1.2. SC LUO CONVERTER OPERATING CHARACTERISTIC AND MODES 

In forward motoring or quadrant I operation, voltage and current are positive. At the 

same time, if Pout < PL, the UC or battery modules supply their power to motor side with 

attention given to the gradient of battery current. Otherwise, battery or UC modules 

deliver their energy between each other. For better understanding of the controller, each 

operation mode is denoted by a specific code. 

When Pout < PL, and UC modules transfer their power to motor side. As a first step, 

switches S2, S10, S14, and S7 are on, and D1, D9, D13, and D6 start conducting. Capacitors 

C1 and C2 are charged by the LV side. Also, the voltage across the 2 capacitors increases.  

Also, in this operation mode, S16 is on, because motor does not stop and current flows 

through the armature.  This mode is represented by code 3. The operation mode is shown 

in Fig. 3-3. 
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Ultra-Capacitor 
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-
C1

+

-

S10
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-
C2

Code #3

M
S16

I+

-

S7

IUC

 

Fig. 3-3. Forward motoring; Capacitors C1 and C2 are charged by LV side (S16 is on and 

current flows in motor). 
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After this operating stage, S6, S11 and S4 are on, and D7, D12, and D3 start conducting. 

Capacitors C1 and C2 are disconnected from LV side and transfer their stored energy to 

motor side. Also, the voltage across the 2 capacitors decreases. This mode is shown by 

code 1. This operation mode is depicted in Fig. 3-4. 

+ -

C1

S4
S11

+ -

C2

Code #1 S6
M

+

-

 

Fig. 3-4. Forward motoring; Capacitors are discharged and are disconnected from LV 

side. 

 However, when battery modules deliver their energy to motor side, switch S5 is closed 

and D8 starts conducting. This mode is shown by code 2, and is depicted in Fig. 3-5. 

S5

M

IBat

Battery

Code #2
+

-

 

Fig. 3-5. Forward motoring; Battery modules supply energy to motor side. 

Now, if Pout ≥ PL, and battery modules are fully discharged, LV side or UC modules 

transfer their energy to HV side. As a first step, switches S2, S10, S14, and S7 are on, and 
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D1, D9, D13, and D6 start conducting. This mode is represented by code 3 and shown in 

Fig. 3-3. Also, in both operation modes (buck and boost modes), S16 is on, because motor 

does not stop and current flows through the armature.  

After this operating stage, S6, S11, S4 and S8 are on, and D7, D12, D3, and D5 start 

conducting. Capacitors C1 and C2 are disconnected from LV side and transfer their stored 

energy to the HV side. Also, the voltage across the 2 capacitors decreases. This mode is 

shown by code 4.  

The boost mode implements the voltage-lift technique, because the capacitors are 

charged in parallel during the on-state. The input voltage (LV) appears across to the 

capacitors. The capacitors are discharged in series during the off-state. Hence, through 

this straightforward method, output voltage can be boosted by the capacitors. This 

operation mode is depicted in Fig. 3-6. 
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-S6
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Fig. 3-6. Capacitors are discharged and are disconnected from LV side (S16 is on and 

current flows in motor). 

Now, if Pout ≥ PL, and UC modules are fully discharged, battery modules transfer their 

energy to the LV side. As a first step, switches S5, S3, S12, and S7 are on, and D8, D4, D11, 

and D6 start conducting. Capacitors C1 and C2 are charged by HV side. Also, the voltage 
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across the 2 capacitors increases. This mode is represented by code 10. This operation 

mode is shown in Fig. 3-7. 

Battery

+ -
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S5

S3 S12
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C2

S7

Code #10
M

S16
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 Fig. 3-7. Capacitors C1 and C2 are charged by HV side (S16 is on and current flows 

in motor). 

After this operating stage, switches S6, S9, S13 and S1 are on, and D7, D10, D14, and D2 

start conducting. Capacitors C1 and C2 are disconnected from HV side and transfer their 

stored energy to the LV side. Also, the voltage across the 2 capacitors decreases. This 

mode is shown by code 11. The buck mode uses the current-amplification technique, 

because the capacitors are charged in series during on-state. The input current flows 

through capacitors. These capacitors are discharged in parallel during off-state. 

Therefore, the output current is amplified by these capacitors [31], [35]-[41], [46]-[50]. 

This operation mode is depicted in Fig. 3-8. 
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Fig. 3-8. Capacitors are discharged and are disconnected from HV side (S16 is on and 

current flows in motor). 

If UC or battery modules are fully discharged, and Pout ≥ PL, then S16 turns on, because 

current flows through the motor. This mode is represented by code 9. This operation 

mode is shown in Fig. 3-9. 

M
S16

I+

-

 

Fig. 3-9. Forward motoring; hybrid energy sources are fully discharged (Pout ≥ PL and S16 

is on). 

 In forward regenerative (forward braking) or quadrant II operation, voltage is 

positive but current is negative. In this operating mode, only battery current gradient is 

considered. When motor supplies power to the UC side and UC modules are fully 
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discharged (or half charged), then motor transfer its power to LV side. As a first step, 

switches S3, S12, and S7 are on, and D4, D11, and D6 start conducting. Capacitors C1 and C2 

are charged by motor. Also, the voltage across the 2 capacitors increases.  This mode is 

represented by code zero, and is shown in Fig. 3-10.  

+ -

C1

S3 S12

+ -

C2

S7

Code # ZeroM

+

-

 

Fig. 3-10. Forward regenerative operation; Capacitors C1 and C2 are charged by motor. 

After this operating stage, switches S6, S9, S13 and S1 are on, and D7, D10, D14, and D2 

start conducting. Capacitors C1 and C2 are disconnected from motor side and transfer 

their stored energy to the LV side. Also, the voltage across the 2 capacitors decreases. 

Also, at the same time, switch S15 is on because motor does not stop. This mode is shown 

by code 12, and is depicted in Fig. 3-11. 
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Fig. 3-11. Forward regenerative operation; Capacitors C1 and C2 are disconnected from 

motor side and transfer their stored energy to the LV side (S15 is on and current flows in 

motor). 

When the motor supplies power to battery side, and also, battery modules are fully 

discharged (or half charged), motor transfers its power to HV side, and switch S8 turns 

on. D5 starts conducting, and this mode is represented by code 5, as shown in Fig. 3-12. 

M

-

+

S8

Code #5

Battery

 

Fig. 3-12. Forward regenerative operation; Battery modules are fully discharged or half 

charged. 
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However, if UC or battery modules are fully charged, switch S15 is on, because current 

flows through the motor. This mode is shown by code 8, and is depicted in Fig. 3-13. 

M

+

-

I

S15

 

Fig. 3-13. Forward regenerative operation; UC or Battery modules are fully charged and 

current flows in motor. 

In reverse motoring (quadrant III) operation, voltage and current are negative. This 

operation mode and its codes are same as forward motoring. In reverse regenerative 

(reverse braking or quadrant IV) operation, voltage is negative but current is positive. 

This operation mode and its codes are same as forward regenerative.  

The next section focuses on modeling and simulation results and analyzes the overall 

controller operation. 

3.1.3. SC LUO CONVERTER MODELING AND SIMULATION RESULTS 

Fig. 3-14 depicts a comparison between Pout and PL, load torque (TL), battery current 

gradient, and voltage across of DC motor (armature voltage). In the first plot, when Pout ≥ 

PL, power curve is shown with value = 1. When Pout < PL, it is denoted by value = 0. 

When TL ≥ 0, the converter operates in motoring mode (otherwise converter operates in 

generating mode). The third plot shows battery current gradient. As is clear, when this 

value is out of range (-2mA/sec and 2mA/sec), the UC modules supply their power to the 
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load and motor side, in motoring mode (or motor and load must transfer their power to 

UC or LV side, in generating mode). As is clear from the final plot, when Va ≥ 0, 

converter operates in forward mode. When Va < 0, converter operates in reverse mode. 

 

Fig. 3-14. Comparison between Pout and PL, load torque (TL), battery current gradient, and 

voltage across DC motor (armature voltage). 

UC voltage is 21.5V (fully discharged) and battery voltage is 87V (fully charged). 

Considering the scenario when battery modules are fully charged, UC modules are fully 

discharged, power curve is shown with value = 1 and converter operates in motoring 

mode. During this interval, battery modules supply their power to the LV side. This is 

shown by codes 10 and 11 in both operating modes (forward motoring and reverse 

motoring).  

However, when the power curve is shown with value = 0, with same conditions, 

whereby the motor needs power, battery modules supply their power to motor side, and 
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LV side is fully discharged. In this case, battery modules, instead of the LV side, supply 

their energy to the motor side in both operating modes (forward motoring and reverse 

motoring). This mode is shown by code 2. Fig. 3-15 shows the charge and discharge 

status of the hybrid energy sources, with related converter operating codes. 

 Fig. 3-15. Charge and discharge status of the hybrid energy sources, with codes. 

Fig. 3-16 shows UC modules voltage and current during operation in codes 10, 11, and 

2, when UC modules are charged by battery side (or when UC modules are disconnected 

from HV side).  
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Fig. 3-16. UC modules voltage and current during charge (or when disconnected from 

HV side). 

Additional simulation results of state of charge (SOC), current, and voltage of battery 

are shown in Fig. 3-17. As is evident, battery voltage gradually decreases, because 

battery modules supply their energy to motor side, during operation in code 2, as well as 

they transfer their energy to LV side, or UC modules, during operation in codes 10 and 

11. Only during operation in code 11, battery voltage does not decrease, and it is 

constant, because they are disconnected from the converter. 
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Fig. 3-17. Simulation results of state of charge (SOC), current, and battery voltage. 

Furthermore, the simulation results of the tested separately excited DC machine are 

summarized in Fig. 3-18. 
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Fig. 3-18. Speed, armature current, field current and electrical torque of the tested DC 

machine. 

Operation of switch numbers 1 through 8 and switches 9 through 16 are shown in 

Figs. 3-19 and 3-20, respectively. For example, when the converter is operating under 

code 10, S5, S3, S12, and S7 are on and D8, D4, D11, and D6 start conducting (capacitors C1 

and C2 are charged by the HV side). 

Under code 11 operation, S6, S9, S13 and S1 are on and D7, D10, D14, and D2 start 

conducting. Capacitors C1 and C2 are disconnected from HV side and transfer their stored 

energy to the LV side. In both codes (10 and 11) operation, S16 is on, because motor does 

not stop and current flows in it. Also, under code 2 operation, switch S5 is on and D8 starts 

conducting. 
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Fig. 3-19. Operation of each switch in simulation time. 
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Fig. 3-20. Operation of each switch in simulation time. 

The next section focuses on transfer efficiency modeling and analysis of the SC Luo 

converter. 

3.1.4. TRANSFER EFFICIENCY MODELING AND ANALYSIS 

The detailed transfer efficiency modeling and analysis of the SC Luo converter are 

explained in this section. As aforementioned, the SC Luo converter has 2 main modes of 

operation, the buck mode and boost mode. The buck mode uses the current-amplification 

technique. Capacitors C1 and C2 are charged during on-state in series and input current 

flows through them. These capacitors are discharged during off-state in parallel. 

Therefore, the output current is amplified by these capacitors. If the switching period, T, 
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is small enough (compared to the circuit time constant), an average current can be used, 

to replace its instantaneous value, for the purpose of integration. Also, capacitors C1 and 

C2 are of equal sizes, so that the voltage across each of them is equal. Therefore, the 

voltage across capacitor C1 can be expressed as: 
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If the switching period, T, is small enough (compared to the circuit time constant), initial 

values can be used, while ignoring trivial variations. Therefore, the current flowing 

through capacitor C1 can be written as: 
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Here, 

                                         

In fact, the capacitor C1 current in buck mode is: 

         

            

   
                                           

 
           

   
  

   

 
                               

      (3-3) 

     is the average input current during the switch-on period, kT, and      is the average 

output current during the switch-off period, (1–k)T. The variation of the voltage across 

capacitor C1 is: 
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Or 
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Also, voltage across capacitor C1 can be written as: 

    
                                 

              
        (3-6)    

Hence, 

     
                        

                  
        (3-7) 

Then capacitor C can be expressed as: 

   
                        

                            
       (3-8) 

In addition, the average input current is: 

     
 

 
          

            

   

  

 
         (3-9) 

And the average output current is: 

    
 

 
              

           

   

 

  
       (3-10) 

The total input power is given by: 

                   
            

   
              (3-11) 

And the output power is expressed as: 

                    
           

   
          (3-12) 

Hence, the overall transfer efficiency can be computed as: 
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              (3-13) 

During buck mode (or codes 10 and 11), the battery modules are half charged (or fully 

charged), and UC modules are fully discharged.  

As aforementioned, the boost mode implements the voltage-lift technique. The capacitors 

C1 and C2 are charged in parallel during on-state and input voltage is applied across them. 

The capacitors are discharged in series during off-state. Therefore, the output voltage is 

lifted by the capacitors. Thus, the voltage across capacitor C1 can be expressed as: 
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Also, current flowing through capacitor C1 can be written as: 
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Here, 

                                         

In fact, the capacitor C1 current in boost mode is: 

         

          

   
  

   

 
                                             

 
             

   
                                         

          (3-16) 

    is the average input current during the switch-on period, kT, and       is the average 

output current during the switch-off period, (1 – k)T. The variation of the voltage across 

capacitor C1 is: 
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Also, the voltage across capacitor C1 can be written as: 

    
                                 

              
         (3-18) 

Hence, 

     
                      

                  
         (3-19) 

In addition, the average input current is: 
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And the average output current is: 

     
 

 
              

             

   

 

  
        (3-21) 

Upon determining the total input and output power, the overall transfer efficiency can be 

computed as: 

  
  

  
 

            
             

   
    

       
          

   
 

         (3-22) 

In boost mode (or codes 3 and 4), the battery modules are fully discharged and the UC 

modules are half charged (or fully charged).  

3.2. SUMMARY 

This chapter presented a novel control technique for a hybrid 4-Q SC Luo bi-

directional DC/DC converter applicable for HEV energy storage system applications. 

Table 3-1 below shows the transfer efficiency comparison between three types of 

converters (SCC, interleaved SCC, and SC Luo converter). 
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Table 3-1. Transfer efficiency comparison between three type converters. 

Transfer Efficiency

Converter Characteristic Buck Mode Boost Mode

Switched Capacitor 

Converter (SCC)
40% 68%

70%73%

97%

Interleaved Switched  

Capacitor Converter 

4-Q Switched Capacitor 

Luo  Converter
70%

 

It is clear, that for HEV energy storage applications, the 4-Q SC Luo converter has 

transfer efficiencies higher than those compared to the SCC and interleaved SCC. This is 

due to the fact that, during both operation modes (buck and boost) of the SC Luo 

converter, the converter equivalent resistance (especially the resistances of capacitors C1 

and C2) are in parallel. As a result, reduced overall losses can be experienced, and the 

resulting efficiency is enhanced. 
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CHAPTER 4 

EXPERIMENTAL SETUP AND CONTROLLER 

IMPLEMENTATION 

 

4.1. EXPERIMENTAL TEST SETUP 

This section focuses on the experimental implementation and controller verification 

for the proposed 4-Q SC Luo converter. Fig. 4-1 shows the experimental set-up, which is 

used for practical implementation of the SC Luo converter. The experimental test set-up 

consists of 24 cells Li-ion polymer battery (10Ah), 16 cells ultra capacitor (BCAP 1200 

P270) and a 1 HP permanent-magnet DC machine (PMDC). 

A digital signal processor (eZdsp
TM

 F2812) is used to implement the control strategy. 

The eZdsp
TM

 F2812 is a digital controller for rapid prototyping, which can be directly 

programmed with the Simulink file used for simulation runs. This setup is accompanied 

with a user interface for operating, managing, and monitoring the experimental results. A 

schematic representation of the experimental set-up is shown in Fig. 4-1, while the 

specifications of key components of the setup are shown in Table 4-1. 
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Table 4-1. Specifications of circuit parameters. 

Capacitors    

(C1, C2)
1mF 0.216 Ω 450 V

BCAP 

1200P270T04
1200 F 0.58 mΩ 2.7 V

Prime mover 

DC machine 

(PMDC)

- 0.12368 Ω 150 V

Parameters 

Characteristics

Nominal 

Capacity

Internal 

Resistance 

(ESR)

Nominal 

Voltage

 Li-Ion polymer 

Battery
10Ah ≤10 mΩ 3.75 V

 

(UC)
+

-

Battery

C1

S8

S2 S1S4 S3

+

-

S10 S9

S14 S13

S6

S7

S15

+

-
C2

S5

S12 S11

+

-

Load

PM

Pout

To I.B.

TL

To I.B.

VMotor

S16

Vm

To I.B. VBattery

VBatt

To I.B.

Im

To I.B.

VUC

VUC

To I.B.

Control System 

eZdsp
TM

 F2812 

VUCVbattVmPOutTLIm

Modulating Circuit 

(Opamp+ Buffer)
(0-3.3V)

16 Modulating signal

16 Gating Signals to 

Switches

Interface Board (I.B.)

PC (Matlab/ Simulik)

 

 Fig. 4-1. Experimental set-up for implementing the SC Luo converter. 

4.2. DSP CONTROLLER IMPLEMENTATION 

The eZdsp
TM

 F2812 is a multi-layered printed circuit board (PCB), which includes 

four major logic blocks; 1) Analog interface connector (ADC connector), 2) I/O interface 

connector (DAC connector), 3) JTAG interface, and 4) Parallel port/JTAG controller 

interface. Fig. 4-2 shows the input/output signals to and from DSP F2812 control board.  
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The main advantage of this setup is the provision of additional block-set libraries in 

Matlab/Simulink, which include analog-to-digital converter (ADC) as well as digital-to-

analog converter (DAC) blocks. The output values of ADC are in the range (0 to 4095), 

because the ADC is 12-bit converter. The voltage level for the eZdsp
TM

 F2812, which can 

receive input signals and send output signals to individual switch gating circuitry, varies 

from 0 V to 3.3 V. 

The maximum current that the controller can supply to the output signals is around 

307 mA. An electronic board was used to provide the required current for the drive 

circuit of the switches, which is around 25 mA. 

16 Gating Signals to 

Switches

eZdsp
TM

 F2812 

Control Board

ADC (Analog to 

Digital Converter) 

0-3.3V

DAC (Digital to 

Analog Converter) 

0-3.3V

Electronic BoardElectronic Board

VUCVbattVmPOutTLIm

PC (Matlab/ Simulik)

 

Fig. 4-2. Input/output signals to and from DSP control board. 
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Polymer Li-Ion Battery 

(10Ah)

Voltage Sensor

Current Sensor

1 HP permanent-magnet DC 

machine (PMDC)

Gate Drive  Board

B
C

A
P

 1
2

0
0

 P
2

7
0

 T
0

4
 

eZdsp
TM

 F2812 

 

Fig. 4-3. Experimental set- up consisting of battery, UC modules, voltage and current 

sensor, PMDC, DSP, and gate drive. 

Fig. 4-3 shows the experimental set-up for the implementation of the SC Luo 

converter and testing of the proposed control strategy. The experimental set-up consists 

of lithium-polymer battery modules (24 cells in series), 16 cells of ultra capacitors in 

series, with voltage management board, 1 HP permanent-magnet DC machine, current 

and voltage sensors, gate drive board, and the eZdsp
TM

 F2812 controller. 
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4.3. EXPERIMENTAL TEST RESULTS 

This section focuses on experimental results of buck mode (codes 10 and 11), codes 3 

and 1, code 2 (when the battery modules supply energy to motor), and the case when the 

converter operates in generating mode (P < 0). 

Considering buck mode, when Pout ≥ PL, high voltage DC (battery modules) are fully 

charged and low voltage side (UC modules) are fully discharged. Fig. 4-4 shows voltage 

across of each capacitor, voltage across of DC motor (armature voltage), and operation of 

switches S3 and S9 during operation in codes 10 and 11, respectively. 

As is clear, under code 10 operation, when switches S5, S3, S12, and S7 are on, 

Capacitors C1 and C2 are charged by HV side, and the voltage across of each capacitor 

increases. Also, the battery modules supply their energy to motor side and during buck 

operation mode, S16 is on. This is due to the fact that the motor does not stop.  

After this operating stage, during operation in code 11, when switches S6, S9, S13 and 

S1 are on, Capacitors C1 and C2 are disconnected from HV side, and transfer their stored 

energy to the LV side. At this time, as is evident from Fig. 4-4, voltage across of each 

capacitor decreases. 
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 Fig. 4-4. Capacitor voltage (VC1 or VC2), armature voltage, operation of switches 

S3 (VGS3) and S9 (VGS9). 

Fig. 4-5 shows the voltage of the UC modules, current, and the operation of switch S9, 

when UC modules are charged by capacitors (or when UC modules are disconnected 

from capacitors). Fig. 4-6 shows the motor voltage, current, and operation of switch S3, 

respectively. 
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Fig. 4-5. Voltage of UC module, operation of switch S9 (VGS9), and UC module current. 
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 Fig. 4-6. Motor voltage, current, and operation of switch S3 (VGS3). 
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Fig. 4-7 depicts the operation of switches S5, S12, S7, S9, S1, and S16. As is clear, when 

the converter is operating under code 10, S5, S3, S12, and S7 are on, and D8, D4, D11, and 

D6 start conducting (capacitors C1 and C2 are charged by HV side). 

 Under code 11 operation, S6, S9, S13, and S1 are on, and D7, D10, D14, and D2 start 

conducting. Capacitors C1 and C2 are discharged and transfer their stored energy to the 

LV side. In both codes (10 and 11), S16 is on, because motor does not stop, and current 

flows through the armature. 
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 Fig. 4-7. VGS (gate-to-source voltage) of switches S5, S12, S7, S9, S1, and S16. 

Fig. 4-8 shows the overall converter transfer efficiency ( ) for varying duty cycle, k, 

under codes 10 and 11. Average transfer efficiency in buck mode is computed to be 

around 88%.  
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It is evident from Fig. 4-8 that conduction duty does not influence transfer efficiency 

significantly. However, k does affect PI (input power) and Po (output power) in a 

diminutive region. 

 

 Fig. 4-8. Overall transfer efficiency vs. varying converter duty cycle. 

Consider codes 3 and 1, Pout < PL, and UC modules transfer their power to motor side. 

Fig. 4-9 depicts the voltage across of each capacitor, voltage across the DC motor 

(armature voltage), and operation (gate-to-source voltage) of switches S2 and S4 during 

codes 3 and 1, respectively.  

As shown in Fig. 4-9, under code 3 operation, when switches S2, S10, S14, and S7 are 

on, capacitors C1 and C2 are charged by LV side in parallel, and voltage across of each 

capacitor increases. Also during this interval, S16 is on, because motor does not stop.  

After this operating stage, during operation in code 1, when switches S6, S11, and S4 

are on, capacitors C1 and C2 are disconnected from LV side, and transfer their stored 

energy to motor side. At this time, the voltage across each capacitor decreases. 
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 Fig. 4-9.  Capacitor voltage (VC1 or VC2), armature voltage, operation of switches S2 

(VGS2) and S4 (VGS4). 

Fig. 4-10 shows UC module voltage that gradually decreases and supplies power to 

motor. Fig. 4-11 represents UC module current and gate-to-source voltage of S2. Fig. 4-

12 depicts motor voltage, current, and operation of switch S4. 
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Fig. 4-10. Voltage across UC module. 
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 Fig. 4-11. UC module current and operation of switch S2 (VGS2). 
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 Fig. 4-12. Motor voltage, operation of switch S4 (VGS4), and motor current. 

 Operation of switches S2, S10, S7, S11, S4, and S16 are shown in Fig. 4-13. As is 

clear, when the converter is operated under code 3, S2, S10, S14 ,S7, and S16 are on, and D1, 

D9, D13, and D6 start conducting (capacitors C1 and C2 are charged by the LV side). Under 

code 1 operation, S6, S11, and S4 are on, and D7, D12, and D3 start conducting. Capacitors 

C1 and C2 are discharged and transfer their stored energy to motor side. 
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Fig. 4-13. Operation of switches S2, S10, S7, S11, S4, and S16. 

 Fig. 4-14 shows the overall computed energy transfer efficiency ( ) versus 

varying conduction duty cycle, k, under codes 3 and 1.  

Average transfer efficiency in this mode is calculated to be about 87%. Thus, it is 

evident that conduction duty does not affect the transfer efficiency significantly. 

However, k does affect PI (input power) and Po (output power) in a diminutive region. 
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 Fig. 4-14. Overall transfer efficiency versus varying duty cycle. 

Now, consider code 2, when the battery modules are fully charged, UC modules are 

fully discharged, and Pout < PL. When the motor needs power, battery modules supply 

their power to motor side, and LV side is fully discharged.  

In this specific case, the battery modules, instead of the LV side (UC modules), supply 

their energy to the motor, in both operating modes (forward motoring as well as reverse 

motoring).  

Figs. 4-15 and 4-16 depict motor and battery voltage as well as current, respectively. 

Fig. 4-17 shows the gate-to-source voltage of switch S5 (VGS5), which conducts 

throughout the duration of this mode (code 2). 
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Fig. 4-15. Motor armature and battery voltage. 
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Fig. 4-16. Motor armature and battery current. 
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Fig. 4-17. Operation of switch S5 (VGS5). 

In the generating mode, the motor tends to give up its power; thus, it is not compared 

with load power. In this operating mode, only battery current gradient is considered. In 

codes zero and 12, low voltage side (UC modules) are fully discharged or half charged. 

Fig. 4-18 shows voltage across each capacitor, voltage across DC motor (armature 

voltage), and operation of switches S12 and S9 during operation in codes zero and 12, 

respectively. 
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Fig. 4-18. Capacitor voltage (VC1 or VC2), armature voltage, and operation of switches S12 

(VGS12) and S9 (VGS9). 

As is clear, under code zero operation, when switch S12 is on, Capacitors C1 and C2 are 

charged by motor side in series, and the voltage across each capacitor increases. After 

this operating stage, during operation in code 12, when switch S9 is on, Capacitors C1 and 

C2 are disconnected from motor side, and transfer their stored energy to the LV side. At 

this time, as is evident from Fig. 4-18, voltage across each capacitor decreases. Also, 

during this interval, S15 is on, because motor does not stop. 
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Fig. 4-19 shows voltage across of the two capacitors and voltage across DC motor, 

during operation in codes zero and 12, respectively. As is evident from Fig. 4-19, both 

voltages (voltage across the two capacitors and armature voltage) have same shape, 

because the two capacitors are connected to the motor in parallel. Also, when capacitors 

C1 and C2 are disconnected from motor side, voltage across of the two capacitors 

decreases. 
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Fig. 4-19. Voltage across of the two capacitors and DC motor during operation in codes 

zero and 12. 
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Fig. 4-20 shows the voltage across of the UC modules, which gradually increases, 

because motor supplies its power to the modules. Fig. 4-21 represents gate-to-source 

voltages of S12 and S9, motor current (from source of S6 until C2), and UC module 

current, respectively. 
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Fig. 4-20. Voltage across of the UC modules. 
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Fig. 4-21. Operation of switches S12 (VGS12) and S9 (VGS9), motor current, and UC 

modules current. 

Fig. 4-22 depicts operation of switches S12 and S9, and motor current and voltage, 

respectively. As is clear, when S12 is on, armature current and voltage decrease, until 

voltage across of the two capacitors is equal to armature voltage. Also, when S9 is on, 

armature current and voltage increase, because capacitors C1 and C2 are disconnected 

from motor side. 
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Fig. 4-22. Operation of switches S12 (VGS12) and S9 (VGS9), and motor current and voltage. 

Operation of switches S3, S12, S7, S1, S9, and S15 are shown in Fig. 4-23. As is clear, 

when the converter is operated under code zero, S3, S12, and S7 are on, and D4, D11, and 

D6 start conducting (capacitors C1 and C2 are charged by the motor side). Under code 12 

operation, S6, S9, S13, and S1 are on, and D7, D10, D14, and D2 start conducting. Capacitors 

C1 and C2 are discharged and transfer their stored energy to LV side. 
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Fig. 4-23. Operation of switches S3, S12, S7, S1, S9, and S15. 

Fig. 4-24 shows the overall computed energy transfer efficiency ( ) versus varying 

conduction duty cycle, k, under codes zero and 12. Average transfer efficiency in this 

mode is calculated to be about 80%. Table 4-2 shows the efficiency comparison between 

the conventional 4-Q SC Luo converter and proposed 4-Q SC Luo converter [31]. 

Considering code 5, when battery modules are fully discharged or half charged, and they 

demand energy, motor supplies its energy to them. 
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Fig. 4-24. Overall transfer efficiency versus varying duty cycle. 

Table 4-2. Efficiency comparison between classic and proposed 4-Q SC Luo bi-

directional DC/DC converters. 

Converter 

Characteristics

Forward 

Motoring 

Forward 

Regenerative 

Conventional 4-Q 

SC Luo  Converter 

Proposed 4-Q SC 

Luo  Converter

75% 67%

87% 80%
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Fig. 4-25. Operation of switches S5, and S8, and battery and motor voltage. 
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Fig. 4-26. Operation of switch S8, and motor armature and battery current. 

Fig. 4-25 represents operation of switches S5, and S8 as well as battery and motor 

voltage, respectively. Fig. 4-26 shows operation of switch S8, and motor and battery 

current. As is clear from Fig. 4-26, the gate-to-source voltage of switch S8 (VGS8) 

conducts throughout the duration of this mode (code 5). 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

 

5.1. CONCLUSIONS 

The increasing popularity of EVs and PHEVs can be attributed to the savings in fuel 

costs, compared to conventional internal combustion engine (ICE) vehicles. EVs and 

PHEVs save energy due to the employment of reverse regenerating braking during the 

deceleration cycle. This recuperated energy can be proficiently stored in batteries and/or 

ultra-capacitors. A hybrid arrangement, with a parallel combination of batteries and ultra 

capacitor’s (UCs), can significantly reduce the volume and weight of the overall EV 

energy storage system. Furthermore, overall battery life can be drastically improved, due 

to the decrease in the output current. 

The main objective of this dissertation was to provide a detailed analysis and novel 

hybrid controller design for an advanced hybrid SC Luo bi-directional DC/DC converter, 

applicable for HEV/PHEV ESS applications. More specifically, a novel digital control 

technique is proposed for the popular 4Q switched-capacitor (SC) DC/DC converter as 

well as the Luo DC/DC converter. The main advantage of using SCCs for EV/PHEV 

energy management is the absence of transformers and inductors, which makes the 

complete integration of switching converters possible. In addition, switches are controlled 

by capacitors, which are charged and discharged through different paths, and transfer 

their stored energy to either the high voltage (HV) battery side, or the low voltage (LV) 

ultra-capacitor side. 
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In a 4-Q SC Luo converter, the buck mode uses the current-amplification technique 

and boost mode implements the voltage-lift technique, which elevates output current and 

voltage, respectively. Comparison between the hybrid SCC, interleaved SCC, and 4-Q 

SC Luo converter was presented, which offers features of voltage step-down, voltage 

step-up, and bidirectional power flow, associated with two or more HEV energy storage 

devices. A critical inference that can be drawn based on the comparative study between 

the three SCC topologies investigated in this dissertation, is that the 4-Q SC Luo 

converter has the highest overall transfer efficiency compared to a regular SCC and 

interleaved SCC. This is due to the fact that, during both operation modes (buck and 

boost) of the SC Luo converter, the converter equivalent resistance (especially the 

resistances of capacitors C1 and C2) are in parallel. As a result, reduced overall losses 

can be experienced, and the resulting transfer efficiency is enhanced. 

5.2. RECOMMENDED FUTURE WORK 

In regards to future work on hybrid electric vehicle energy storage design, the 

following directions are proposed: 

 Using a zero-voltage-switching (ZVS) bidirectional DC/DC converter for hybrid 

electric vehicle energy storage application. 

ZVS has the advantages of simple circuit topology, soft-switching implementation 

without additional devices, high efficiency, and simple control. These advantages make a 

new converter topology capable of handling medium and high power; especially as an 

auxiliary power supply in fuel cell vehicles or for on-board power generation, where high 

power density, low cost, light weight, and high reliability converters are required. 
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 Using a typical 3-way plug-in hybrid electric vehicle (PHEV) energy storage 

system, employing the proposed novel digital control technique. 

A possible arrangement for a typical 3-way PHEV ESS could consist of a regenerative 

fuel cell (RFC), an ultra-capacitor (UC) bank, and a battery pack. The RFC generator acts 

as the main energy source. However, it has a poor efficiency at light loads, thus relying 

on the battery pack, for light-load energy requirements. As aforementioned, for 

transferring energy from each source to the DC link, a step-up operation mode could be 

used, while for charging both the UC bank and the battery storage system, as well as 

recovering braking energy, the step-down operating mode could be used. 

 Zero-current-switching (ZCS) switched-capacitor bidirectional DC/DC converter 

using the proposed digital hybrid controller technique. 

A ZCS converter possesses conventional features of resonant switched-capacitor 

converters: low weight, small volume, increased efficiency, low electromagnetic 

interference (EMI), reduced switching losses, and reduced switch current stress.  

 Flywheel energy storage system 

A flywheel stores energy in the form of kinetic energy, which can then be transformed 

into electricity. A flywheel consists of a large rotating disk, where the kinetic energy is 

stored, and a motor or generator, which is coupled to the flywheel, can convert kinetic 

energy to electrical energy. The electric traction motor is used to increase the energy 

stored in the flywheel, while the generator is used to supply energy to the load. Flywheels 

are predicted to find applications in a wide range of HEV propulsion systems. The kinetic 

energy in a flywheel can be expressed as: 

  
 

 
      



100 
 

Here, E is kinetic energy in the flywheel, ω is flywheel rotor rotational speed, M is 

flywheel rotor mass, and r is flywheel rotor radius. The proposed novel control strategy 

could be extended for effective energy management of the on-board electro-mechanical 

hybrid energy storage system. Steep demands of acceleration and braking can be 

attributed to the flywheel system, whereas steady braking and acceleration could be 

attributed to the battery pack. 
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APPENDIX 

APPENDIX A: ELECTRONIC CIRCUITS FOR 

GATING SIGNALS OF THE SWITCHES 

Fig. A-1 shows the electronic circuit that provides the gating signals for the switches. 

It provides the required current for the drive circuit of the switches. 
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Fig. A-1. Electronic circuits for gating signals of the switches. 
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APPENDIX B: DSP SYSTEM 

This project uses two types of connectors: 1) I/O interface connector (DAC) and 2) 

Analog interface connector (ADC). I/O interface connector consists of P4, P8, and P7, 

which interface the I/O signals from the DSP to the switch gating circuits. The layout of 

these connectors is shown in Fig. B-1. The pin definition of P4 and P8 connectors are 

shown in Fig. B- 2. The pin definition of P7 connector is represented in Fig. B-3. 
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Fig. B-1. Layout of P4, P8, and P7. 

 

Fig. B-2. I/O interface connector (P4 and P8). 
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Fig. B-3. I/O interface connector (P7). 

The analog interface connector includes 10 and 20 pins on the P5 and P9 connectors, 

respectively. These connectors are shown in Fig. B-4. 
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Fig. B-4. Layout of P5 and P9. 

Pins P5 and P9 represent input signals to the DSP. The pin definitions of P5 and P9 

signals are shown in Fig. B-5 [51]. 
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 Fig. B-5. Analog interface connector (P5 and P9). 


