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Abstract 

 

Multi-mode tri-state operation of a 4-switch bidirectional DC-DC converter 

for interfacing a supercapacitor to a DC grid 

 

Qiong Wang 

Energy storage devices such as supercapacitors and batteries are frequently used to support DC 

nanogrids that employ renewable resources. They make the system more stable and reliable, by 

contributing to power balance with high charge/discharge rates. The 2-switch class C DC-DC 

converter with dual-state logic is widely used as the interface for supercapacitors to a DC nano 

grid. It presents slow dynamic response due to the Right-Half Plane (RHP) zero in the transfer 

function of Vo/D in Boost mode, when supercapacitors supply power to the DC grid. This converter 

also faces an issue of losing current control when the voltage of the supercapacitor is higher than 

that of the DC nanogrid. A 4-switch bidirectional DC-DC converter in the Buck-Boost mode that 

consists of two half-bridges and an intermediate inductor can be used as the interface. By using 

tri-state logic with fixed Doff , it can eliminate the RHP zero in the transfer function Io/ Don and 

control the current flow all the time. However, the voltage gain of the output voltage over the 

supercapacitor’s voltage decreases because of the fixed Doff, which is an issue when the converter 

only operates in one mode and the supercapacitor voltage changes between half voltage (24 V) to 

rated voltage (48 V). Thus, the mode must be changed between Boost and Buck-Boost modes as 

the voltage in the supercapacitor varies. 

The tri-state logic can present different sequences with the three states Don, Doff, and Dfw. Thus 

the traditional pulse width modulation (PWM) technique using one modulating signal Don cannot 

be used in the tri-state logic. This thesis proposes a flexible space vector modulation scheme, which 

concerns the modes of operation, the sequences of the tri-states, and the state of each switch. A 

smooth mode transition logic is presented to reduce the output current variation when the mode 

changes between the Boost and Buck-Boost modes. The main goal of this work is to regulate the 

output current at a set value, while the converter changes between the Boost and Buck-Boost 

modes as a function of the voltage gain (Vo/Vin) with the input voltage varying in a wide range. 

The analysis of the system and design of controllers are presented and verified. Simulation results 
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with the proposed modulation scheme and smooth mode transition logic, as well as experimental 

implementation, are presented and discussed.  
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Chapter 1 Introduction 

With today's increasing energy demand and depletion of non-renewable resources, renewable 

ones such as photovoltaics (PV), wind energy and fuel cells are increasingly considered and used 

in grid systems. Especially in some DC nano-grids, which are very efficient for residential power 

supply and small buildings. However, due to their fluctuating characteristics, these renewable 

resources cannot support the DC grid very reliably and stably. So, some energy storage devices, 

such as supercapacitors (SC) and batteries, connected to the grid through power electronic 

converters can be used for power balancing and voltage regulation by supplying rapidly changing 

currents [1]-[4]. A hybrid energy storage system (HESS) contains batteries and supercapacitors. 

One typical application of HESS is that a battery and a SC are connected to the DC grid through 

electronic converters, to support varying power demand caused by the changes in PV generation 

and loads [5][6]. The battery presents high energy density but low power density, while the SC 

provides high power density low energy density, giving high charge/discharge rates. In this thesis, 

the aim is to use a SC as an energy storage system (ESS) to support a 48 V DC bus in a DC nano-

grid, with the voltage of the SC changing between half rated and rated voltage (48 V), to supply 

and absorb fast changing currents. This project could be applied in DC microgrids, small electric 

vehicles, and aircraft, and can be used to provide high voltage gain for SCs in a HESS. 

The 2-switch class C DC-DC converter with dual-state (Don and Doff)  logic is frequently used 

as the interface for the supercapacitor in DC grids, with the SC placed at the low voltage side [5][7]. 

One issue is that during the transient response, the actual output power flow will change in the 

wrong direction following a variation in the reference value due to a presence of a Right-Half 

Plane (RHP) zero in the transfer function of the output voltage (Vo) with respect to the duty cycle 

(D) in Boost mode, with power flowing from the SC to the DC bus. This can be solved by using 

cascaded control loops with an inner current control loop and an outer voltage control loop. This 

compromises the dynamic response speed, since the bandwidth of the outer voltage control loop 

has to be about 20 % of the bandwidth of the inner current loop. The tri-state control (Don and Doff 

and Dfw) logic can eliminate the RHP zero by including a free-wheeling segment/period (Dfw) of 

the inductor current. However, this requires an additional switch and diode for the converter and a 

multivariable (Don and Doff or Dfw) modulation/control scheme [8]. In addition to the slow dynamic 

response, the 2-switch class C converter will lose the control of power flow when the voltage of 
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the DC grid drops below the voltage of the SC, with the conduction of the anti-parallel diodes of 

the converter. A 4-switch bidirectional Buck-Boost converter with two half-bridges and an 

intermediate inductor can solve this issue and can control the power flow with the SC voltage 

either higher or lower than the DC grid voltage [9].  

The 4-switch bidirectional DC-DC converter can operate in Boost, Buck-Boost and Buck 

modes, but with conventional dual-state control in the Boost and Buck-Boost modes, the transfer 

function of the output current (Io) or output voltage (Vo) with the duty cycle (D) also presents an 

RHP zero which slows down the dynamic response. The tri-state control logic used in a modified 

unidirectional Boost converter is extended for the 4-switch bidirectional DC-DC converter [10]. 

Unlike in the 2-switch converter, the 4-switch converter already includes all required 

switches/diodes for tri-state operation. The tri-state contains ON, OFF and free-wheeling (FW) 

states, and concerns a multivariable control problem with two variables of the three, usually the 

ON and OFF duty cycles, as control variables. But the control of the two state variables would 

lead to the appearance of cross-coupling transfer functions [11], what complicates the design of 

linear controllers. One method to avoid the cross-coupling transfer functions is to keep one of the 

durations of the three states constant, usually Doff  [10]. In this case, the small-signal model 

employed to design the controllers becomes simple when the system is treated as single-variable. 

The DC nano-grid typically consists of several energy resources interfaced through DC-DC 

converters to the DC bus. These are controlled either in a current limit mode or in a droop control 

mode [12] and can be modeled as a voltage source in series with an equivalent feeder resistance 

[10]. In this thesis, a supercapacitor is connected to a DC nano-grid, through a 4-switch 

bidirectional DC-DC converter operating with tri-state control logic with fixed Doff. The converter 

can inject power into the DC grid or draw power, charging the supercapacitor. 

 

1.1 Problem statement and proposed solution 

When a supercapacitor is used to provide fast varying positive and negative (output) currents 

for a DC nano-grid, a 4-switch bidirectional DC-DC converter can be used as the interface. The 

basic circuit scheme of 4-switch bidirectional DC-DC converter interfacing the SC to a DC nano-

grid is shown in Figure 1-1. The DC nano-grid is modeled as a 48 V (Vdc) and a feeder impedance 

(Rf). The converter operates in tri-state control logic with an appropriate fixed value of Doff to 
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eliminate the RHP zero of the transfer function of output current Io with respect to the duty cycle 

Don. This provides a fast dynamic response compared with the conventional dual-state control logic, 

only using a single duty cycle control. 

 

Figure 1- 1 4-switch bidirectional DC-DC converter connecting a SC to a DC nano-grid 

 

The tri-state scheme, with ON, OFF, and free-wheeling states, can have several sequences. With 

different sequences of the tri-state Don, Doff , and Dfw in one switching period, one cannot use the 

conventional pulse width modulation (PWM) logic, with only one modulating signal Don, to get 

the gating signals for different modes of operation. A space vector type modulation scheme is 

developed to solve this problem and it can work in both analog and digital control. The space 

vector modulation scheme concerns the modes of operation, the sequences of the tri-states, to 

generate the gating signals sent to the switches. This modulation scheme is relatively flexible, and 

it should be able to extend to operate with quad-state logic [13]. However, in such a case, 

generating the gating signals of the switches with three modulating signals while realizing a 

specific sequence of states becomes more complicated. 

In this thesis, the voltage of the SC (Vin) is usually lower or slightly higher than the voltage at 

the output of the power interface (Vo), thus the converter can operate in Boost and Buck-Boost 

modes. In principle, operation in the Buck-Boost mode should suffice, but with the fixed value of 
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Doff, the allowed voltage gain (Vo/Vin) is reduced. This becomes a serious constraint since the 

voltage of the SC should be allowed to vary in a wide range for maximizing the amount of energy 

that it can supply/absorb following a given DC grid power variation. Thus, a smooth mode 

transition logic for transitioning to and from the Boost mode should be included in the tri-state 

logic with a fixed Doff, to minimize the variations of the current when modes change. Besides, with 

negative/positive output current references, the voltage of SC increases/decreases, thus a 

protection logic is also considered to protect the SC, avoiding over-charging or over-discharging. 

For the digital control, several digital control design approaches for switch mode power 

converter are presented and compared in [14]. The most recommended, the direct digital approach, 

can provide wide bandwidth while keeping the system stable and even performing better with a 

low sampling frequency. An issue caused by the RHP zero in the transfer function in the w-domain, 

limits the selection of the crossover frequency [15]. However, with a low sampling frequency 

chosen in this project to design a digital controller, the direct digital approach is used.  

 

1.2 Scope and contribution of thesis 

This thesis focuses on the design of the control loop for the 4-switch bidirectional DC-DC 

converter operating with tri-state logic interfacing a SC to the DC grid, implementing a space 

vector modulation scheme and mode transition logic for a wide input voltage range. 

The main contributions of this thesis are as follows. 

1) Design of the controllers for the current control loop to regulate the output current injecting 

or drawing from the DC grid to a SC. 

 

2) Design and implement a space vector modulation scheme for the converter operating with 

tri-state control logic. 

 

3) Design and test a dynamic transition logic between modes of operation to ensure the 

converting operating in a wide input range with small transition variations in the output 

current. 

 

4) Validate the performance of the system with simulation and experimental tests. 
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1.3 Thesis outline 

The structure of this thesis is as follows. 

Chapter 2  discusses the implementation of the 4-switch bidirectional DC-DC converter with 

tri-state logic with duty cycle control interfacing a supercapacitor to a DC grid. It also presents the 

state-space averaging method to derive the transfer functions of the converter and simulation 

results by using space vector modulation scheme. 

Chapter 3 discusses the problem of limited voltage gains due to a constant value of Doff for the 

converter operating in both Boost and Buck-Boost modes and presents and validates the solution 

by using smooth mode transition logic. It shows the final/complete simulation results of the 

converter operating in analog control and digital control.  

Chapter 4 presents the experimental implementation and several test cases to validate the 

simulation results. 

Chapter 5  presents the conclusion and suggestions for future research. 
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Chapter 2 Bidirectional 4-Switch DC-DC converter operating with tri-state 

logic 

A 4-switch bidirectional DC-DC converter can be used to interface two storage devices such as 

supercapacitors and batteries or connect an energy storage device to a DC grid. In this project, the 

bidirectional converter is used for interfacing a supercapacitor (SC) to a DC grid rated at 48 V. 

The supercapacitor can provide or absorb power from the DC grid, and the goal of this project is 

to regulate the value of the output current injected to, or drawn from, the DC grid, under varying 

conditions. It is assumed that the voltage of the SC (Vin) remains between half and the rated voltage 

(48 V). In this chapter, the 4-switch bidirectional DC-DC converter operating with the tri-state 

logic is presented and compared to another operating with conventional dual-state control.  

 

2.1 Circuit scheme with a bidirectional 4-switch DC-DC converter 

The tri-state logic employed for the modified uni-directional Boost converter with an additional 

switch and diode [8] can be extended and used for this 4-switch bidirectional DC-DC converter 

[10]. An additional state free-wheeling Dfw is added to the dual-state Don and Doff (the duty cycles 

meet the one switching period equation Don + Doff + Dfw = 1), this tri-state modulation scheme can 

eliminate the RHP zero. However, the system becomes multi-variable, one can control two states 

of the three, usually the Don and Doff duty cycles. The free-wheeling Dfw can be derived from the 

one switching period equation, but this method leads to the appearance of cross-coupling transfer 

functions [11] what complicates the design of linear controllers. One method is to keep one of the 

durations of the three states constant, usually Doff  [10], thus the system can be treated as single-

variable system, and the small-signal model employed to design the controllers becomes simple 

compared to the multi-variables system. Other methods can employ a dual-mode control scheme 

with parallel [16] or cascaded [17] control loops. In this project, the tri-state logic with fixed Doff  

is used. With the Doff fixed, one can control the output current, absorb, or supply, only with a 

standard single duty cycle control, Don. 

The 4-switch bidirectional DC-DC converter used in this project is shown in Figure 2-1. It 

contains two half-bridges and an intermediate inductor, connecting the SC (Vin) to the DC grid 

(Vdc) through a feeder impedance (Rf). The value of Vdc is 48 V, the value of the feeder impedance 
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Rf is 0.2 Ω, which represents the wire resistance. In this project, the output current is expected to 

be adjustable between -5 A and 5 A.  

 

Figure 2- 1 The 4-switch bidirectional DC-DC converter connected to a DC bus 

 

The switches in a half-bridge operate complementarily, so the four switches (S1, S2, S3 and S4) 

can  present four possible “states” of operation with S1S3, S1S4, S2S3 and S2S4 ON. Four anti-

parallel diodes, body diodes of MOSFETs, are modeled, what is essential for the converter to 

operate with bidirectional power flow. When the SC injects power into the DC grid (Vo > Vdc), the 

output current Io is defined as positive as shown in the Figure 2-1, otherwise, the output current is 

defined as negative. The direction of the power flow determines whether IL > or < 0.  

 The four possible “states” of operation correspond to Don,  DoffB (OFF state in Boost mode), 

DoffBB (OFF state in Buck-Boost mode), and Dfw, respectively, and current paths in the four possible 

“states” of operation are presented in Figure 2-2 for  Io > 0 , IL > 0 and in Figure 2-3 for Io < 0 , IL 

< 0. There one can see the conducting switches or diodes (D1, D2, D3 and D4). 
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Figure 2- 2 The current paths in the four possible states for Io > 0, IL > 0 (Don in red color, DoffB in blue color, 
DoffBB in green color, Dfw in pink color) 

 

 

Figure 2- 3 The current paths in the four possible states with Io < 0 , IL < 0 (Don in red color, DoffB in blue color, 
DoffBB in green color, Dfw in pink color) 
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2.2 Tri-state operation with fixed Doff 

The mode of operation of the 4-switch bidirectional converter with tri-state logic can be Boost, 

Buck-Boost and Buck modes. Since in the application considered in this project, the voltage of the 

SC (Vin) is changing between half-rated voltage to the rated voltage 48 V, which is lower or slightly 

higher than the output of the power interface (Vo), operation in the Boost and Buck-Boost mode is 

enough for all cases. 

2.2.1 The selection of the value of fixed Doff 

For tri-state logic, it is essential to make sure that the converter always operates with tri-state 

logic in steady-state. Since Doff is fixed at a constant value, a transient increase in Don to increase 

the magnitude of IL and Io, requires a corresponding transient decrease in Dfw. Thus, a minimum 

value of Dfw (Dfw_min) in steady-state needs to be set, to provide a dynamic range of Don for 

increasing IL and Io without saturating the controller. Likewise, a minimum value of Don (Don_min) 

is needed for decreasing the magnitude of IL and Io without saturating the controller and make sure 

the three states are used. In this project, the minimum values of Dfw and Don are both set as 0.1. 

Then, the duration of the OFF duty cycle must be fixed at less than 0.8. A higher value of the fixed 

Doff reduces the intermediate inductor current (IL) for a given output current (Io) according to 

equation (2-1) and thus leads to higher efficiency and small size of the inductor. Conversely, a 

smaller Doff  with Dfw_min can increase the transient of Don (Don_max = 1 - Doff - Dfw_min) and thus 

increase the voltage gain and have fast transient response. Therefore, by choosing an appropriate 

value for Doff to balance the efficiency and the transient response speed, is important. A procedure 

for computing a suitable Doff was presented in [19].  

The equation of the average values of the inductor current IL, output current Io and Doff  of the 

converter operating with tri-state logic is given by [10] 

𝐼𝐿 =
𝐼𝑜

𝐷𝑜𝑓𝑓
        (2- 1) 

2.2.1.1 Selecting a suitable Doff in Boost mode of operation  

The converter in this project interfaces a SC to the DC bus rated at 48 V. The SC operates with 

voltages between 24 V to 48 V. Considering a +/- 10%  margin of the output voltage based on the 

rated DC bus voltage, the minimum output voltage is 0.9Vo (43.2 V) and the maximum output 
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voltage is 1.1Vo (52.8 V). Then the worst case in Boost mode, in terms of voltage gain,  is using a 

SC voltage of 24 V and a DC grid voltage of 52.8 V. The gain equation derived considering that 

the average voltage in the inductor in steady-state is 0 V, is given by 

𝐺𝑎𝑖𝑛𝑚𝑎𝑥 =
𝑉𝑜_𝑚𝑎𝑥

𝑉𝑖𝑛_𝑚𝑖𝑛
=

𝐷𝑜𝑛+𝐷𝑜𝑓𝑓

𝐷𝑜𝑓𝑓
=

1−𝐷𝑓𝑤_𝑚𝑖𝑛

𝐷𝑜𝑓𝑓
       (2- 2) 

With Dfw_min = 0.1, Doff   ≈ 0.4 for operating in Boost mode, and the maximum input voltage for 

Boost mode is given by 

𝑉𝑖𝑛_𝑚𝑎𝑥  =
𝑉𝑜_𝑚𝑖𝑛

𝐺𝑎𝑖𝑛𝑚𝑖𝑛
= 𝑉𝑜/(1 +

𝐷𝑜𝑛_𝑚𝑖𝑛

𝐷𝑜𝑓𝑓
)          (2- 3)                                                                        

When Doff is 0.4, the maximum input voltage is 0.8 Vo. For Boost mode of operation, assuming 

that Vo is at its minimum value, which is 43.2 V, with Don_min  = 0.1 and Doff   = 0.4. Therefore, for 

24 V< Vin < 34.56 V and 43.2 V< Vo < 52.8 V, one can operate in the Boost mode with Doff  = 0.4 

and Don_min  = Dfw_min  = 0.1. However, one would have to change to the Buck-Boost mode when 

Vin exceeds 34.56 V. 

2.2.1.2 Selecting a suitable Doff in Buck-Boost mode of operation  

In Buck-Boost mode of operation, the equation of the maximum voltage gain is by 

   𝐺𝑎𝑖𝑛𝑚𝑎𝑥 =
𝑉𝑜𝑚𝑎𝑥

𝑉𝑖𝑛𝑚𝑖𝑛
=

𝐷𝑜𝑛_𝑚𝑎𝑥

𝐷𝑜𝑓𝑓
         (2- 4)                                                                      

Considering the worst case using a SC voltage of 24 V and a DC grid voltage of 52.8 V, after 

calculation, Doff  ≈ 0.28, and the minimum input voltage for the Buck-Boost mode is given by 

    𝑉𝑖𝑛_𝑚𝑖𝑛  =
𝑉𝑜_𝑚𝑎𝑥

𝐺𝑎𝑖𝑛𝑚𝑎𝑥
= 𝑉𝑜/(

𝐷𝑜𝑛_𝑚𝑎𝑥

𝐷𝑜𝑓𝑓
)           (2- 5) 

Therefore, for 24 V< Vin < 48 V and 43.2 V< Vo < 52.8 V, one can operate in the Buck-Boost 

mode with Doff  = 0.28 and Dfw_min  = 0.1. However, using a relatively small value of Doff (0.28) and 

an output current of 5 A, requires the inductor current to be large as 17.85 A according to equation 

(2-1) and low efficiency, thus the value of Doff  would be chosen higher than 0.28. Because of the 

limited input voltage range in Boost mode or Buck-Boost mode, in this project, the converter 
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operates in both Boost and Buck-Boost modes interfacing the SC to the DC grid, and the modes 

must change since the SC voltage varies between 24 V to 48 V. The overlap voltage range between 

Boost mode and Buck-Boost mode is given by 

(𝑉𝑖𝑛𝑚𝑎𝑥𝐵𝑜𝑜𝑠𝑡 − 𝑉𝑖𝑛𝑚𝑖𝑛𝐵𝑢𝑐𝑘𝐵𝑜𝑜𝑠𝑡) 

Considering the operation of Boost and Buck-Boost modes, one can select a Doff value from the 

range of 0.28 to 0.4. In this project, Doff  is fixed at 0.35 to have a large enough overlap voltage 

range between Boost and Buck-Boost modes which could give more safety space for mode 

transitions. The resulting overlap voltage range for Doff  0.35 is shown below. 

 𝑉𝑖𝑛𝑚𝑎𝑥𝐵𝑜𝑜𝑠𝑡 − 𝑉𝑖𝑛𝑚𝑖𝑛𝐵𝑢𝑐𝑘𝐵𝑜𝑜𝑠𝑡 =
𝑉𝑜

1+
𝐷𝑜𝑛_𝑚𝑖𝑛
𝐷𝑜𝑓𝑓

−
𝑉𝑜

𝐷𝑜𝑛_𝑚𝑎𝑥
𝐷𝑜𝑓𝑓

≈ 0.141𝑉𝑜     (2- 6) 

The value of the control variable should be Don_min  <  Don  <  1 - Doff  - Dfw_min  which is   

0.1 < Don  < 0.55. 

 

2.2.2 Switching scheme for the Boost mode 

The 4-switch bidirectional converter operates in Boost mode when the SC voltage (Vin) is much 

lower than the output voltage. One can see the current flow in the converter while operating in 

Boost mode with respect to the three states (Don, Doff  and  Dfw) in Figure 2-4, Figure 2-5, and 

Figure 2-6. 
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Figure 2- 4 Current flow during ON state in Boost mode with IL > 0 A 

 

 

Figure 2- 5 Current flow during OFF state in Boost mode with IL > 0 A 
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Figure 2- 6 Current flow during free-wheeling state in Boost mode with IL > 0 A 

 

The truth table of all the switches for the three states of operation in Boost mode: 

Table 2. 1 Truth table of 4-switches for Boost mode of operation 

State/Switches S1 S2 S3 S4 

Don ON OFF OFF ON 

Doff ON OFF ON OFF 

Dfw OFF ON OFF ON 

 

In this mode of operation, the duty cycles of the various states are related by DS14 + DS13 + DS24  

= 1.  

The voltage gain and min/max input voltages for operation in Boost mode: 

𝐺𝑎𝑖𝑛 =
𝑉𝑜

𝑉𝑖𝑛
=

𝐷𝑠13+𝐷𝑠14

𝐷𝑠13
=

𝐷𝑜𝑛+𝐷𝑜𝑓𝑓

𝐷𝑜𝑓𝑓
     (2- 7) 

𝑉𝑖𝑛_𝑚𝑖𝑛 =
𝐷𝑜𝑓𝑓 𝑉𝑜_𝑚𝑎𝑥

𝐷𝑜𝑓𝑓+𝐷𝑜𝑛𝑀𝑎𝑥
=

𝐷𝑜𝑓𝑓 (𝑉𝑑𝑐+𝐼𝑜_𝑚𝑎𝑥𝑅𝑓)

1−𝐷𝑓𝑤_𝑚𝑖𝑛
    (2- 8) 

𝑉𝑖𝑛_𝑚𝑎𝑥 =
𝐷𝑜𝑓𝑓 𝑉𝑜_𝑚𝑖𝑛

𝐷𝑜𝑓𝑓+𝐷𝑜𝑛_𝑚𝑖𝑛
=

𝐷𝑜𝑓𝑓 (𝑉𝑑𝑐−𝐼𝑜_𝑚𝑎𝑥𝑅𝑓)

𝐷𝑜𝑓𝑓+𝐷𝑜𝑛_𝑚𝑖𝑛
    (2- 9) 
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With the parameters used in this project, Dfw_min  = 0.1, Don_min  = 0.1, Doff  = 0.35, Vdc  = 48 V, 

Io_max  = 5 A, and the SC operating in the desired voltage range: 24 V to 48 V, the input voltage for 

the converter operating in Boost mode ranges from 24 V to 36.6 V. For a higher SC voltage, the 

converter should operate in Buck-Boost mode.  

 

2.2.3 Switching scheme for the Buck-Boost mode 

When the input voltage is lower or slightly higher than the output of the power interface (Vo), 

the converter operates in the Buck-Boost mode. The switching scheme only changes during the 

OFF state (Doff) compared to operating in Boost mode, which is shown in Figure 2-7. The OFF 

state in the Buck-Boost mode has switches S2 and S3 ON while the Off state in the Boost has S1 

and S3 ON. The current flow path during the ON state (Don) and the free-wheeling state (Dfw) are 

the same as shown in Figure 2-4 and 2-5 in Boost mode. 

 

Figure 2- 7 Current flow during OFF state in Buck-Boost mode 

The truth table of all the switches for the 3 states of operation in Buck-Boost mode: 

Table 2. 2 Truth table of 4-switches for Buck-Boost mode of operation 

State/Switches S1 S2 S3 S4 

Don ON OFF OFF ON 

Doff OFF ON ON OFF 

Dfw OFF ON OFF ON 
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In this mode of operation, the duty cycles of the various states are related by DS14 + DS23 + DS24  

= 1.  

Table 2.3 illustrates conducting devices for Io > 0 A and Io < 0 A in the four possible “state” in 

both Boost and Buck-Boost modes. 

Table 2. 3 Summary of conducting devices for Io > 0 A and Io < 0 A 

State Io > 0 A Io < 0 A 

Don S1S4 S4D1 

DoffB S1D3 S3D1 

DoffBB S2D3 S3S2 

Dfw S4D2 S2D4 

The voltage gain and min/max input voltages for operation in the Buck-Boost mode: 

𝐺𝑎𝑖𝑛 =
𝑉𝑜

𝑉𝑖𝑛
=

𝐷𝑠14

𝐷𝑠23
=

𝐷𝑜𝑛

𝐷𝑜𝑓𝑓
      (2- 10) 

𝑉𝑖𝑛_𝑚𝑖𝑛 =
𝑉𝑜_𝑚𝑎𝑥𝐷𝑜𝑓𝑓

𝐷𝑜𝑛_𝑚𝑎𝑥
=

𝐷𝑜𝑓𝑓 (𝑉𝑑𝑐+𝐼𝑜_𝑚𝑎𝑥𝑅𝑓)

1−𝐷𝑜𝑓𝑓−𝐷𝑓𝑤_𝑚𝑖𝑛
    (2- 11) 

𝑉𝑖𝑛_𝑚𝑎𝑥 =
𝑉𝑜_𝑚𝑖𝑛𝐷𝑜𝑓𝑓

𝐷𝑜𝑛_𝑚𝑖𝑛
=

𝐷𝑜𝑓𝑓 (𝑉𝑑𝑐−𝐼𝑜_𝑚𝑎𝑥𝑅𝑓)

𝐷𝑜𝑛_𝑚𝑖𝑛
    (2- 12) 

With Dfw_min = 0.1, Don_min = 0.1, Doff  = 0.35, Vdc = 48 V, Io_max  = 5 A, and the SC operating in 

the desired voltage range: 24 V to 48 V. When the converter operates in Buck-Boost mode, the 

range of the SC voltage is from 31.2 V to 48 V, and the overlap voltage range between Boost and 

Buck-Boost modes is from 31.2 V to 36.6 V. 

Therefore, the voltage gains of output voltage with respect to input voltage for the converter 

operating in Boost and Buck-Boost can be shown in Table 2.4.  

Table 2. 4 The range of voltage gain for the converter operating in Boost and Buck-Boost modes 

 Boost Buck-Boost Boost Buck-Boost 

Gain_min 

𝐷𝑜𝑛_𝑚𝑖𝑛 + 𝐷𝑜𝑓𝑓

𝐷𝑜𝑓𝑓
 

𝐷𝑜𝑛_𝑚𝑖𝑛
𝐷𝑜𝑓𝑓

 1.2857 0.2857 

Gain_max 
𝐷𝑜𝑛_𝑚𝑎𝑥 + 𝐷𝑜𝑓𝑓

𝐷𝑜𝑓𝑓
 

𝐷𝑜𝑛_𝑚𝑎𝑥
𝐷𝑜𝑓𝑓

 2.5714 1.5714 
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With 48 V DC nano grid, and +/- 5 A output current, the value of input voltage in Boost and 

Buck-Boost modes can be calculated as shown in Table 2.5. 

Table 2. 5 Input voltage range of SC for the converter operating in Boost and Buck-Boost modes 

 Boost Buck-Boost Boost Buck-Boost 

Vin_min 

𝐷𝑜𝑓𝑓 (𝑉𝑑𝑐 + 𝐼𝑜_𝑚𝑎𝑥𝑅𝑓)

1 − 𝐷𝑓𝑤_𝑚𝑖𝑛
 

𝐷𝑜𝑓𝑓(𝑉𝑑𝑐 + 𝐼𝑜_𝑚𝑎𝑥𝑅𝑓)

1 − 𝐷𝑜𝑓𝑓 − 𝐷𝑓𝑤_𝑚𝑖𝑛
 < 24 V 31.2 V 

Vin_max 
𝐷𝑜𝑓𝑓 (𝑉𝑑𝑐 − 𝐼𝑜_𝑚𝑎𝑥𝑅𝑓)

𝐷𝑜𝑛_𝑚𝑖𝑛 + 𝐷𝑜𝑓𝑓
 

𝐷𝑜𝑓𝑓(𝑉𝑑𝑐 − 𝐼𝑜_𝑚𝑎𝑥𝑅𝑓)

𝐷𝑜𝑛_𝑚𝑖𝑛
 36.6 V > 48 V 

 

 

2.2.4 Possible sequences of states for Boost and Buck-Boost modes 

There are two possible sequences for the three states: The sequence #1 Don - Doff - Dfw and the 

sequence #2 Don - Dfw - Doff. Assuming first that the SC voltage is lower than the output voltage(Vin 

< Vo )  and that the SC injects current to the DC grid (Io > 0, IL > 0). Figure 2-8 shows the theoretical 

waveforms of the inductor current, inductor voltage and switches ON in each state with the two 

sequences when the converter operates in Boost mode. Figure 2-9 shows the theoretical waveforms 

when the converter operates in Buck-Boost mode. 

From Figure 2-8 and Figure 2-9, and it also has been shown in [10] that using sequence #1 for 

positive output current (Io) and inductor current (IL) could lead to a lower value of RMS current 

across inductor and the switches, thus lower power losses than using sequence #2 in both Boost 

and Buck-Boost modes of operation. Similarly, for negative output current (Io) and inductor current 

(IL), using sequence # 2 will lead to lower power losses than using sequence #1. 

Thus, for lower power loss, depending on the direction of the output current and the values of 

the SC voltage (Vin), the 4-switch bidirectional DC-DC converter can operate in 4 possible modes: 

Boost mode sequence #1, Boost mode sequence #2, Buck-Boost mode sequence #1, and Buck-

Boost mode sequence #2. 
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Figure 2- 8 Theoretical waveforms of inductor current, inductor voltage, ON switches for tri-state Boost mode of 

operation with (a) sequence #1 (b) sequence #2 

 
Figure 2- 9 Theoretical waveforms of inductor current, inductor voltage, ON switches for tri-state Buck-Boost mode 

of operation with (a) sequence #1 (b) sequence #2 
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2.2.5 Component selection and calculation  

To get the desired 4-switch bidirectional DC-DC converter operating as expected, selecting the 

appropriate inductor and capacitors is important.  

The system parameters using in this project are shown in Table 2.6. 

Table 2. 6 System parameters 

Parameter value 

Fixed Doff for tri-state operation 0.35 

Switching frequency fsw 50 kHz 

Rf between output capacitor and DC bus 0.2 Ω 

Input voltage Vin 24 V ~ 48 V 

DC bus voltage Vdc 48 V 

Don 0.1 ~ 0.55 

Iref ±5 A 

Output voltage Vo (Vdc +/- Iref Rf) 47 V ~ 49 V 

 
1)  Inductor selection 

To select the inductor for the power converter, one has to consider the ripple allowed for the 

inductor current in both Boost and Buck-Boost modes. Considering the worst-case ripple allowed 

for the system as 40% of the maximum IL (IL = Io / Doff), which means  

∆𝐼𝐿 ≤ 40%
𝐼𝑜

𝐷𝑜𝑓𝑓
        (2- 13) 

So ∆𝐼𝐿 < 6 A with the system parameters Io = 5 A , Doff  = 0.35, Don: 0.1 ~ 0.55, fsw  = 50 kHz.  

In Boost mode of operation, the equation of the inductor current ripple is given by [19] 

∆𝐼𝐿 =
𝑉𝑖𝑛𝐷𝑜𝑛

𝐿𝑓𝑠𝑤
=

𝑉𝑜𝐷𝑜𝑛𝐷𝑜𝑓𝑓

(𝐷𝑜𝑛+𝐷𝑜𝑓𝑓)𝐿𝑓𝑠𝑤
     (2- 14) 

From the equation (2-14), the inductor current ripple increases when the value of Don increases, 

and the biggest inductor current ripple is 6 A when the Don is 0.55 and the maximum output voltage 

is 49 V.  

𝑉𝑜𝑀𝑎𝑥

6 × 50 × 103 × (
1
0.35

+
1

𝐷𝑜𝑛𝑀𝑎𝑥
)
≤ 𝐿𝑀𝑖𝑛 
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𝐿𝑀𝑖𝑛 ≥ 35 μ𝐻 

In Buck-Boost mode of operation, the equation of the inductor current ripple is given by [19] 

∆𝐼𝐿 =
𝑉𝑜𝐷𝑜𝑓𝑓

𝐿𝑓𝑠𝑤
        (2- 15) 

In equation (2-15), the inductor current ripple is the max when Vo is 49 V with the fixed Doff. 

0.35 × 𝑉𝑜𝑀𝑎𝑥
6 × 50 × 103

≤ 𝐿𝑀𝑖𝑛 

𝐿𝑀𝑖𝑛 ≥ 57 μ𝐻 

The inductor should be suitable for operating in both Boost mode and Buck-Boost mode, 

therefore, for both Boost and Buck-Boost modes, the inductance 𝐿𝑀𝑖𝑛 ≥ 57 μ𝐻 . Due to the 

availability of parts, a 47 μH 32A inductor was employed, yielding a higher inductor current ripple 

in the Buck-Boost mode, what was found acceptable. 

Since the peak inductor current increases with decreasing inductance, the peak inductor current 

for a 57 µH inductor in Buck-Boost mode is around 17.3 A (ILmax = Io/Doff  + ½ ∆IL). With the 

selected inductor 47 𝜇𝐻, Doff  = 0.35, Don = 0.55, fsw  = 50 kHz, and Vo = 49 V, the inductor current 

ripple ∆𝐼𝐿 equals 7.29 A, then the peak inductor current is 17.9 A which is acceptable, though it is 

a little larger compared to the value getting from the original design specifications.  

2) Output capacitor selection 

This 4-switch bidirectional DC-DC converter is designed to connect a SC to an ideal DC grid 

through a feeder impedance which is 0.2 Ω. To select an appropriate output capacitor for this 

converter, assuming most of the current harmonics flow through the capacitor, then the capacitor 

should present at the switching (dominant harmonic) frequency an impedance (Xc) less of 10% of 

the feeder impedance/resistance, that is 

𝑋𝑐 < 10%𝑅𝑓        (2- 16) 

Therefore  

1

2𝜋𝑓𝑠𝑤𝐶
< 10%𝑅𝑓 

With fsw = 50 kHz, Rf  = 0.2 Ω, 
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𝐶 > 160 𝜇𝐹 

The ceramic capacitors, which are low ESR capacitors, are good to minimize the output voltage 

ripple. So, a capacitor bank with ten 4.7 µF ceramic capacitors and four 39 µF hybrid polymer 

aluminum electrolytic capacitors are used to get the output capacitance as 203 µF. Besides, the 

input capacitor bank has been selected the same as the output capacitor, since the converter is 

desired to be symmetrical. 

2.3  Control strategy 

2.3.1 State-space averaging method to derive the transfer functions of the converter 

Assuming that the average value of the SC voltage (Vin) is smaller than the average value of the 

output voltage (Vo), and that the SC injects current into the DC bus, as shown in Figure 2-10. 

 

Figure 2- 10 The 4-switch bidirectional converter interfacing a SC to the DC bus 

2.3.1.1 Derivation of the transfer function of converter operating in Boost mode (Vin < Vo) 

The current/power flow corresponding to each state while the converter operates in Boost mode 

are analyzed. 

1) ON state: ton = DonTs.  

When S1-S4 are ON, the voltage across the inductor (vL) is vin, increasing the inductor current 

(iL). The state equations are given below. 
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  [𝐿
𝑑𝐼𝐿

𝑑𝑡
= 𝑉𝑖𝑛] , [𝑉𝑜 = 𝑉𝑑𝑐 + 𝐼𝑜𝑅𝑓], [𝐶𝑜

𝑑𝑉𝑜

𝑑𝑡
= −𝐼𝑜]       (2- 17)                             

 

2) OFF  state: toff  = DoffTs 

When S1-S3 are ON, the voltage across the inductor is (vin – vo, with Vin < Vo), decreasing the 

inductor current. The equations for this state are given below.     

      

   [𝐿
𝑑𝐼𝐿

𝑑𝑡
= 𝑉𝑖𝑛 − 𝑉𝑜] , [𝑉𝑜 = 𝑉𝑑𝑐 + 𝐼𝑜𝑅𝑓], [𝐶𝑜

𝑑𝑉𝑜

𝑑𝑡
= 𝐼𝐿 − 𝐼𝑜]        (2- 18)            

3) Free-wheeling state:  tfw = DfwTs 

When S2-S4 are ON. The voltage across the inductor is null and the inductor current remains 

constant. The equations for this state are given below. 

 

   [𝐿
𝑑𝐼𝐿

𝑑𝑡
= 0 ] , [𝑉𝑜 = 𝑉𝑑𝑐 + 𝐼𝑜𝑅𝑓], [𝐶𝑜

𝑑𝑉𝑜

𝑑𝑡
= −𝐼𝑜]        (2- 19)                                

With Don+ Doff + Dfw =1, averaging the Boost converter differential equations gives:  

𝐿
𝑑𝐼𝐿

𝑑𝑡
= −𝐷𝑜𝑓𝑓𝑉𝑜 + (𝐷𝑜𝑛 + 𝐷𝑜𝑓𝑓)𝑉𝑖𝑛          (2- 20)                                                                           

𝑉𝑜 = 𝑉𝑑𝑐 + 𝐼𝑜𝑅𝑓             (2- 21) 

𝐶𝑜
𝑑𝑉𝑜

𝑑𝑡
= 𝐷𝑜𝑓𝑓𝐼𝐿 − 𝐼𝑜             (2- 22)                                                                                                    

Considering that Doff is fixed and introducing the small-signal perturbations around a base 

operating point. 

𝐿
𝑑(𝑖𝐿̃+𝐼𝐿)

𝑑𝑡
= −𝐷𝑜𝑓𝑓(𝑣𝑜̃ + 𝑉𝑜) + (𝑑̃ + 𝐷𝑜𝑛 + 𝐷𝑜𝑓𝑓)(𝑣𝑖𝑛̃ + 𝑉𝑖𝑛)     (2- 23)                                     

𝐶𝑜
𝑑(𝑣𝑜̃+𝑉𝑜)

𝑑𝑡
= 𝐷𝑜𝑓𝑓(𝑖𝐿̃ + 𝐼𝐿) − (𝑖𝑜̃ + 𝐼𝑜)        (2- 24)                                                                       

 𝑖𝑜̃ + 𝐼𝑜 =
𝑣𝑜̃+𝑉𝑜−𝑉𝑑𝑐

𝑅𝑓
                (2- 25)                                                                                                 

The linearized equivalent model with the above equations can be represented by 
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𝑑𝑖𝐿̃

𝑑𝑡
= −

𝐷𝑜𝑓𝑓

𝐿
𝑣𝑜̃ +

𝑉𝑖𝑛

𝐿
𝑑̃+(𝐷𝑜𝑛 + 𝐷𝑜𝑓𝑓)𝑣𝑖𝑛̃          (2- 26)                                                                  

𝑑𝑣𝑜̃

𝑑𝑡
=

𝐷𝑜𝑓𝑓

𝐶𝑜
𝑖𝐿̃ −

𝑣𝑜̃

𝐶𝑜𝑅𝑓
              (2- 27) 

 𝑖𝑜̃ =
𝑣𝑜̃

𝑅𝑓
             (2- 28)  

Choosing 𝑖𝐿̃ and 𝑣𝑜̃ as the state variables, to show the influence of variations of the duty cycle 

𝑑̃ on the output current 𝑖𝑜̃, the signal 𝑣𝑖𝑛̃ can be seen as a disturbance signal to this system. The 

state space equations, can be obtained from equations (2-26), (2-27) and (2-28), the state space 

equations are given by 

[

𝑑𝑖𝐿̃

𝑑𝑡
𝑑𝑣𝑜̃

𝑑𝑡

] = [
0 −

𝐷𝑜𝑓𝑓

𝐿
𝐷𝑜𝑓𝑓

𝐶𝑜
−

1

𝐶𝑜𝑅𝑓

] [
𝑖𝐿̃
𝑣𝑜̃
] + [

𝑉𝑖𝑛

𝐿

0
] 𝑑̃      (2- 29)                                                       

𝑖𝑜̃ = [0
1

𝑅𝑓
] [
𝑖𝐿̃
𝑣𝑜̃
] + 𝟎𝑑̃          (2- 30)                                                                           

The state space equations can be represented as below. 

{
𝑑

𝑑𝑡
𝑿 = 𝑨𝑿 + 𝑩𝑑

𝑖𝑜 = 𝑪𝑿 + 𝑫𝑑
        (2- 31)                                              

where  

𝑿 = [
𝑖𝐿̃
𝑣𝑜̃
]        (2- 32) 

𝑨 = [
0 −

𝐷𝑜𝑓𝑓

𝐿
𝐷𝑜𝑓𝑓

𝐶𝑜
−

1

𝐶𝑜𝑅𝑓

]          (2- 33)                                                      

𝑩 = [
𝑉𝑖𝑛

𝐿

0
]                            (2- 34)                                                    

𝑪 = [0
1

𝑅𝑓
]                      (2- 35)                                                      

𝑫 = 𝟎                             (2- 36)                                                          

Using Laplace transform on equation (2-31) 
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{
𝑠𝑋(𝑠) = 𝑨𝑋(𝑠) + 𝑩𝑑(𝑠)
𝑖𝑜(𝑠) = 𝑪𝑋(𝑠) + 𝑫𝑑(𝑠)

       (2- 37)  

The transfer functions between the state variables and the control variable: 

𝑋(𝑠)

𝑑(𝑠)
= (𝑠𝑰 − 𝑨)−𝟏𝑩       (2- 38) 

𝑰 = [
1 0
0 1

]             (2- 39)                                                                    

Calculating the transfer function  

𝑠𝑰 − 𝑨 = [
𝑠 0
0 𝑠

] −

[
 
 
 0 −

𝐷𝑜𝑓𝑓

𝐿
𝐷𝑜𝑓𝑓

𝐶𝑜
−

1

𝐶𝑜𝑅𝑓]
 
 
 

=

[
 
 
 𝑠

𝐷𝑜𝑓𝑓

𝐿

−
𝐷𝑜𝑓𝑓

𝐶𝑜
𝑠 +

1

𝐶𝑜𝑅𝑓]
 
 
 

 

(𝑠𝑰 − 𝑨)−𝟏 =
1

𝑠 (𝑠 +
1

𝐶𝑜𝑅𝑓
) −

𝐷𝑜𝑓𝑓
𝐿 × (−

𝐷𝑜𝑓𝑓
𝐶𝑜

)
[
 
 
 
 𝑠 +

1

𝐶𝑜𝑅𝑓
−
𝐷𝑜𝑓𝑓

𝐿

𝐷𝑜𝑓𝑓

𝐶𝑜
𝑠

]
 
 
 
 

 

=
1

𝑠2 +
1

𝐶𝑜𝑅𝑓
𝑠 +

𝐷𝑜𝑓𝑓
2

𝐿𝐶𝑜 [
 
 
 
 𝑠 +

1

𝐶𝑜𝑅𝑓
−
𝐷𝑜𝑓𝑓

𝐿

𝐷𝑜𝑓𝑓

𝐶𝑜
𝑠

]
 
 
 
 

 

 

Therefore, 

𝑋(𝑠)

𝑑(𝑠)
=

1

𝑠2 +
1

𝐶𝑜𝑅𝑓
𝑠 +

𝐷𝑜𝑓𝑓
2

𝐿𝐶𝑜 [
 
 
 
 𝑠 +

1

𝐶𝑜𝑅𝑓
−
𝐷𝑜𝑓𝑓

𝐿

𝐷𝑜𝑓𝑓

𝐶𝑜
𝑠

]
 
 
 
 

[
𝑉𝑖𝑛
𝐿
0
] 

=
1

𝑠2 +
1

𝐶𝑜𝑅𝑓
𝑠 +

𝐷𝑜𝑓𝑓
2

𝐿𝐶𝑜 [
 
 
 
 
𝑉𝑖𝑛
𝐿
(𝑠 +

1

𝐶𝑜𝑅𝑓
)

𝑉𝑖𝑛𝐷𝑜𝑓𝑓

𝐶𝑜𝐿 ]
 
 
 
 

 

Which leads to  
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𝑋(𝑠)

𝑑(𝑠)
= [

𝑖𝐿(𝑠)

𝑑(𝑠)

𝑣𝑜(𝑠)

𝑑(𝑠)

] =

[
 
 
 
 
 𝑉𝑖𝑛

𝐿

𝑠+
1

𝐶𝑜𝑅𝑓

𝑠2+
1

𝐶𝑜𝑅𝑓
𝑠+

𝐷𝑜𝑓𝑓
2

𝐿𝐶𝑜

𝑉𝑖𝑛𝐷𝑜𝑓𝑓

𝐶𝑜𝐿

1

𝑠2+
1

𝐶𝑜𝑅𝑓
𝑠+

𝐷𝑜𝑓𝑓
2

𝐿𝐶𝑜 ]
 
 
 
 
 

    (2- 40) 

The transfer function of the output current io to the control signal d is 

𝑖𝑜(𝑠)

𝑑(𝑠)
= 𝑪

𝑋(𝑠)

𝑑(𝑠)
+𝑫      (2- 41) 

Which is 

𝑖𝑜(𝑠)

𝑑(𝑠)
= [0

1

𝑅𝑓
]

[
 
 
 
 
 
 
 𝑉𝑖𝑛

𝐿

𝑠 +
1

𝐶𝑜𝑅𝑓

𝑠2 +
1

𝐶𝑜𝑅𝑓
𝑠 +

𝐷𝑜𝑓𝑓
2

𝐿𝐶𝑜
𝑉𝑖𝑛𝐷𝑜𝑓𝑓

𝐶𝑜𝐿

1

𝑠2 +
1

𝐶𝑜𝑅𝑓
𝑠 +

𝐷𝑜𝑓𝑓
2

𝐿𝐶𝑜 ]
 
 
 
 
 
 
 

+ 0 

=
𝑉𝑖𝑛𝐷𝑜𝑓𝑓

𝑅𝑓𝐶𝑜𝐿

1

𝑠2+
1

𝐶𝑜𝑅𝑓
𝑠+

𝐷𝑜𝑓𝑓
2

𝐿𝐶𝑜

       (2- 42) 

Replacing  
𝐿

𝐷𝑜𝑓𝑓2
  as Leq in the equation (2-42), the input-output transfer function is shown 

below. 

𝑖𝑜(𝑠)

𝑑(𝑠)
=

𝑉𝑖𝑛

(𝐷𝑜𝑓𝑓𝑅𝑓𝐿𝑒𝑞𝐶𝑜)
[

1

𝑠2+
𝑠

𝐶𝑜𝑅𝑓
+

1

𝐿𝑒𝑞𝐶𝑜

]               (2- 43) 

Where 𝐿𝑒𝑞 =
𝐿

𝐷𝑜𝑓𝑓2
. 

2.3.1.2 Derivation of the transfer function of converter operating in Buck-Boost mode 

The operation of the 4-switch bidirectional DC-DC converter in the Buck-Boost mode with tri-

state logic is similar to the Boost mode. The switches corresponding to Don state and free-wheeling 

state Dfw are the same ones as in the Boost mode. However, for the Doff state, switches S2 and S3 

are turned ON instead of S1 and S3 in Boost mode. Therefore, the equations of the OFF-state 

change and are given by 
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[
𝑑𝐼𝐿

𝑑𝑡
= −

𝑉𝑜

𝐿
], [𝑉𝑜 = 𝑉𝑑𝑐 + 𝐼𝑜𝑅𝑓], [𝐶𝑜

𝑑𝑉𝑜

𝑑𝑡
= 𝐼𝐿 − 𝐼𝑜]      (2- 44) 

With Don + Doff  + Dfw =1, averaging the differential equations for the tri-state of Buck-Boost 

converter gives:  

𝐿
𝑑𝐼𝐿

𝑑𝑡
= −𝐷𝑜𝑓𝑓𝑉𝑜 + 𝐷𝑜𝑛𝑉𝑖𝑛         (2- 45) 

𝐶𝑜
𝑑𝑉𝑜

𝑑𝑡
= 𝐷𝑜𝑓𝑓𝐼𝐿 − 𝐼𝑜          (2- 46) 

𝐼𝑜 =
𝑉0−𝑉𝑑𝑐

𝑅𝑓
           (2- 47) 

Considering that Doff is fixed and introducing the small-signal perturbations around a base 

operating point. 

    
𝑑(𝑖𝐿̃+𝐼𝐿)

𝑑𝑡
= −𝐷𝑜𝑓𝑓(𝑣𝑜̃ + 𝑉𝑜) + (𝑑̃ + 𝐷𝑜𝑛)(𝑣𝑖𝑛̃ + 𝑉𝑖𝑛)                     (2- 48)   

𝐶𝑜
𝑑(𝑣𝑜̃+𝑉𝑜)

𝑑𝑡
= 𝐷𝑜𝑓𝑓(𝑖𝐿̃ + 𝐼𝐿) − (𝑖𝑜̃ + 𝐼𝑜)        (2- 49)  

  𝑖𝑜̃ + 𝐼𝑜 =
𝑣𝑜̃+𝑉𝑜−𝑉𝑑𝑐

𝑅𝑓
            (2- 50) 

The linearized equivalent model of the above equations can be represented 

𝑑𝑖𝐿̃

𝑑𝑡
= −

𝐷𝑜𝑓𝑓

𝐿
𝑣𝑜̃ +

𝑉𝑖𝑛

𝐿
𝑑̃+𝐷𝑜𝑛𝑣𝑖𝑛̃           (2- 51)  

𝑑𝑣𝑜̃

𝑑𝑡
=

𝐷𝑜𝑓𝑓

𝐶𝑜
𝑖𝐿̃ −

𝑣𝑜̃

𝐶𝑜𝑅𝑓
             (2- 52)  

 𝑖𝑜̃ =
𝑣𝑜̃

𝑅𝑓
             (2- 53)  

Choosing 𝑖𝐿̃ and 𝑣𝑜̃ as the state variables, to show the influence of variations of the duty cycle 

𝑑̃ on the output current 𝑖𝑜̃ , the signal 𝑣𝑖𝑛̃ can be seen as a disturbance to this system. The state 

space equations can be shown below which are the same as the ones of the Boost mode of operation. 
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[

𝑑𝑖𝐿̃

𝑑𝑡
𝑑𝑣𝑜̃

𝑑𝑡

] = [
0 −

𝐷𝑜𝑓𝑓

𝐿
𝐷𝑜𝑓𝑓

𝐶𝑜
−

1

𝐶𝑜𝑅𝑓

] [
𝑖𝐿̃
𝑣𝑜̃
] + [

𝑉𝑖𝑛

𝐿

0
] 𝑑̃      (2- 54)  

𝑖𝑜̃ = [0
1

𝑅𝑓
] [
𝑖𝐿̃
𝑣𝑜̃
] + 𝟎𝑑̃          (2- 55)  

Using the same calculation procedure as before, one can get the transfer function between state 

variables and control signal, also the transfer function between output current and control signal. 

𝑋(𝑠)

𝑑(𝑠)
= [

𝑖𝐿(𝑠)

𝑑(𝑠)

𝑣𝑜(𝑠)

𝑑(𝑠)

] =

[
 
 
 
 
 𝑉𝑖𝑛

𝐿

𝑠+
1

𝐶𝑜𝑅𝑓

𝑠2+
1

𝐶𝑜𝑅𝑓
𝑠+

𝐷𝑜𝑓𝑓
2

𝐿𝐶𝑜

𝑉𝑖𝑛𝐷𝑜𝑓𝑓

𝐶𝑜𝐿

1

𝑠2+
1

𝐶𝑜𝑅𝑓
𝑠+

𝐷𝑜𝑓𝑓
2

𝐿𝐶𝑜 ]
 
 
 
 
 

    (2- 56) 

𝑖𝑜(𝑠)

𝑑(𝑠)
=

𝑉𝑖𝑛

(𝐷𝑜𝑓𝑓𝑅𝑓𝐿𝑒𝑞𝐶𝑜)
[

1

𝑠2+
𝑠

𝑅𝑓𝐶𝑜
+

1

𝐿𝑒𝑞𝐶𝑜

]               (2- 57) 

Where 𝐿𝑒𝑞 =
𝐿

𝐷𝑜𝑓𝑓2
. 

The transfer function of the output current to the control signal is the same in both Boost and 

Buck-Boost modes. Therefore, the same controller can control the converter to operate in Buck-

Boost and Boost modes.  

 

2.3.2 Single duty cycle control 

With the transfer function of the output current with respect to don, a single duty cycle control 

scheme with a proportional integral (PI) controller can be used for this 4-switch bidirectional DC-

DC converter.  
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Figure 2- 11 Control scheme for the 4-switch bidirectional DC-DC converter 

In Figure 2-11, the actual output current io is compared to the reference average output current 

Iref. Then the error is fed into the PI controller which produces the initial control signal. After a 

limiter, the control signal don is between 0.1 and 0.55, the final modulation signal don is provided 

to the PWM modulation generator which generates the gating signals for the four switches. 

 

2.3.3 Design of the PI controller 

The bandwidth of the control loop is chosen as fx  = 10% fsw and the phase margin is selected as 

60° to design the controller. The switching frequency fsw of the converter is 50 kHz, so the 

crossover frequency of the converter becomes:  

𝜔𝑥 = 2𝜋 𝑓𝑠𝑤  10% = 31415.9 𝑟𝑎𝑑/𝑠 

Table 2.7 shows the basic parameters of the 4-switch converter to design the controller. 

Table 2. 7 Nominal 4-switch converter parameters 

Parameter value 

Inductor L 47 µH 

Output capacitor Co 203 µF 

Fixed Doff for tri-state operation 0.35 

Rf between output capacitor and DC bus 0.2 Ω 

Input voltage Vin 48 V 

Output voltage Vo 52.8 V 
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With the basic parameters, the transfer function of the plant becomes: 

 

𝐺(𝑠) =  
𝑖𝑜(𝑠)

𝑑(𝑠)
=

8.804×109

𝑠2+2.463×104𝑠+1.284×107
   (2- 58) 

At the crossover frequency (s = jωx),  

 

𝐺(𝑗𝜔𝑥) =  
𝑖𝑜(𝑗𝜔𝑥)

𝑑(𝑗𝜔𝑥)
=

88.04

−9.74+7.73𝑗
    (2- 59) 

 

The gain and the phase at the crossover frequency are computed: 

 

|𝐺(𝑗𝜔𝑥)| = 7.077, ∠𝐺(𝑗𝜔𝑥) = −141.5382° 

Figure 2-12 shows the Bode plot of the transfer function of the plant G(s). 

 

Figure 2- 12 Bode plot of the plant for the design of current loop 

In general, it is ideal to have a high gain at the low frequency range to minimize the steady state 

error. Around the crossover frequency, maintaining a gain slope of -20 dB/dec can ensure an 

adequate phase margin, and at the high frequency range, a very small gain can minimize the 
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influence of the switching harmonics and overall noise. As shown in Figure 2-12, the gain of the 

plant is constant at low frequency, and the gain slope around the crossover frequency is - 40 dB/dec, 

therefore,  a type 3 PI controller is selected in this project to increase the gain at lower frequency 

and achieve the desired -20 dB/dec at the crossover frequency. 

The transfer function of the type 3 PI controller is given by: 

𝐺𝑐(𝑠) =
𝐾𝑃𝐼

𝑠𝜏

(1+𝑠𝜏)2

(1+𝑠𝑇𝑃)
2
     (2- 60) 

Computing 

 |𝐺𝑐(𝑗𝜔𝑥)| =
1

|𝐺(𝑗𝜔𝑥)|
≈ 0.1413, ∠𝐺𝑐(𝑗𝜔𝑥) = 60° − (180° + ∠𝐺(𝑗𝜔𝑥)) ≈ 21.54° 

Therefore, the type 3 PI controller should present a phase lead of 21.54° and a gain of 0.1413 

at the crossover frequency. 

With the equations 

∠𝐺𝑐(𝑗𝜔𝑥) =  −90° + 𝑏𝑜𝑜𝑠𝑡.       0° < 𝑏𝑜𝑜𝑠𝑡 < 180°  (2- 61) 

𝐾 = 𝑡𝑎𝑛 (
𝑏𝑜𝑜𝑠𝑡

4
+ 45°)      (2- 62) 

The “boost” angle is calculated as 111.54°  and K ≈ 3.25. 

The parameters in equation (2-60) can be calculated as follows. 

𝜔𝑚 = 𝜔𝑥 = 31415.9 𝑟𝑎𝑑/𝑠     (2- 63) 

1

𝜏
=

𝜔𝑚

𝐾
       (2- 64) 

1

𝑇𝑃
= 𝐾𝜔𝑚       (2- 65) 

|𝐺𝑐(𝑗𝜔𝑚)| =
𝐾𝑃𝐼

𝐾

1+𝐾2

1+
1

𝐾2

     (2- 66) 

After the calculations: 
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τ = 103.37 µs, TP  = 9.8 µs, and KPI  = 0.0435. 

Figure 2-13 illustrates the Bode plot of the transfer function of the plant (Gs) and the loop 

transfer function (Gs_pi) with the designed type 3 PI controller. One can see that at the lower 

frequency range, the gain of the loop transfer function is increased compared to the transfer 

function of the plant, and the design specs (𝜔𝑥 = 31415.9 𝑟𝑎𝑑/s 𝑎𝑛𝑑 𝑃𝑀 = 60ᵒ) were accomplished. 

 

Figure 2- 13 Bode plot of the plant with a type 3 PI controller for the design of current loop 

 

2.4 Conventional dual-state operation  

The conventional dual-state scheme contains only the ON and OFF states, and can operate in 

Boost, Buck-Boost, and Buck modes. Without limit of the voltage gain caused by the fixed Doff. 

In principle, the converter with dual-state can operate in Buck-Boost mode when the input voltage 

varies in the range between 24 V to 48 V, which is used in this project to compare with the 

converter working with tri-state logic. 
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2.4.1 Switching scheme for Buck-Boost mode 

Considering the current flow path of the 4-switch bidirectional converter in Figure 2-2 and 

Figure 2-3, the truth table of switches operating with dual-state in Buck-Boost mode are shown in 

Table 2.8. 

Table 2. 8 Truth table of switches of the converter with dual-state in Buck-Boost modes 

Dual-state Buck-Boost mode 

State/Switches S1 S2 S3 S4 

Don ON OFF OFF ON 

Doff OFF ON ON OFF 

 

The transfer function of the output current (io) with respect to the control variable (d ) in Buck-

Boost mode of operation is given by [10] 

𝑖𝑜(𝑠)

𝑑(𝑠)
=

𝑉𝑜+𝑉𝑖𝑛−𝑆𝐿𝑒𝑞𝐼𝐿(1−𝐷𝑜𝑛)

(1−𝐷𝑜𝑛)𝑅𝑓𝐿𝑒𝑞𝐶𝑜
(

1

 𝑆2+
1

𝐶𝑜𝑅𝑓
𝑆+

1

𝐿𝑒𝑞𝐶𝑜

)           (2- 67)              

where 𝐿𝑒𝑞 =
𝐿

(1−𝐷𝑜𝑛)2
 . 

One can see that there is the RHP zero in equation (2-67), while there is no RHP zero in the 

transfer function of the converter operating with tri-state as evident from equation (2-57). 

Therefore, for the converter operating with dual-state logic, cascaded control loops with an inner 

inductor current control loop and an outer output current control loop can be used to avoid the 

RHP zero [10].  

The scheme of the cascade control loops is shown in Figure 2-14. 

 

Figure 2- 14 The scheme of the cascade control loops for dual-state 
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2.4.2 Design controllers for the cascade control loops 

For the dual-state Buck-Boost mode of operation, the controller for the inner inductor current 

control loop will be design first and then the controller for the outer output current control loop 

will be designed. 

Table 2.9 shows the basic system parameters for the dual-state Buck-Boost mode of operation. 

 
Table 2. 9 Basic parameters for design controller of the dual-state Buck-Boost mode of operation 

Parameter value 

Inductor L 47 µH 

Output capacitor Co 203 µF 

Switching frequency fsw 50 kHz 

Rf between output capacitor and DC bus 0.2 Ω 

Input voltage Vin 24 V 

Vo 52.8 V 

Io 5 A 

Don 0.68 

 

For the inner current loop, and the transfer function of the inner plant is: [19] 

𝑖𝐿(𝑠)

𝑑(𝑠)
=

(1−𝐷)𝐼𝐿+𝑉𝑜𝐶𝑜𝑆+
𝑉𝑜
𝑅𝑓

𝐶𝑜𝐿𝑆
2+

𝐿

𝑅𝑓
𝑆+(1−𝐷)2

     (2- 68) 

To design the controller, the crossover frequency (fx) is selected as 10% of the switching 

frequency (fsw), and the phase margin is set as 60°. 

The crossover frequency is: 

𝜔𝑥 = 2𝜋 𝑓
𝑠𝑤
 10% = 31415.9 𝑟𝑎𝑑/𝑠. 

The gain and the phase of the plant at the crossover frequency are computed as: 

|𝐺𝐿(𝑗𝜔𝑥)| = 36.2621, ∠𝐺𝐿(𝑗𝜔𝑥) = −90.2185° 
 

Figure 2-15 shows the Bode plot of the transfer function of the inner plant (sys_inner). 
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Figure 2- 15 Bode plot of the inner plant sys_inner 

In  Figure 2-15, one can see that the gain at the low frequency range is kept constant, and the 

slope of the plant at the crossover frequency is -20 dB/dec, thus, for this case, a type 2 PI controller 

is selected. 

The transfer function of the type 2 PI controller is given by: 

𝐺𝐿𝐶(𝑠) = 𝐾𝑃𝐼
1+𝑠𝜏

𝑠𝜏

1

1+𝑠𝑇𝑃
      (2- 69) 

Computing 

|𝐺𝐿𝐶(𝑗𝜔𝑥)| =
1

|𝐺𝐿(𝑗𝜔𝑥)|
= 0.027, ∠𝐺𝐿𝐶(𝑗𝜔𝑥) = 60° − (180° + ∠𝐺𝐿(𝑗𝜔𝑥)) = −29.78° 

With the equations 

∠𝐺𝐿𝐶(𝑗𝜔𝑥) =  −90° + 𝑏𝑜𝑜𝑠𝑡.       0° < 𝑏𝑜𝑜𝑠𝑡 < 90°  (2- 70) 

𝐾 = 𝑡𝑎𝑛 (
𝑏𝑜𝑜𝑠𝑡

2
+ 45°)      (2- 71) 

The “boost” angle is calculated as 60.21° and K ≈ 3.76. 

𝜔𝑚 = 𝜔𝑥 = 31415.9  𝑟𝑎𝑑/𝑠                                        ( 2- 72) 

𝜔𝑚 = 𝐾
1

𝜏
         (2- 73) 
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1

𝑇𝑃
= 𝐾𝜔𝑚       (2- 74) 

After calculation: 

τ = 119.71 µs, TP  = 8.46 µs, KPI  = 0.0276. 

  

 

Figure 2-16 shows the Bode plot of the transfer function of the inner plant (sys_inner) and the 

loop transfer function (LTF), with the designed PI controller. One can see that, with the designed 

type 2 PI controller, the design specs (𝜔𝑥 = 31415.9 𝑟𝑎𝑑/s 𝑎𝑛𝑑 𝑃𝑀 = 60ᵒ ) were accomplished. 

 

 

Figure 2- 16 Bode plot of the plant sys_inner and LTF 

 

For the outer loop, the transfer function for the outer loop for controlling the injected current is 

given by, 

𝑖𝑜

𝑖𝐿
=

1−𝐷𝑜𝑛

1+𝑠𝑅𝑓𝐶𝑜
      (2- 75) 

The outer control loop should be slower than the inner control loop, the crossover frequency of 

the outer control loop is chosen as 10% of the crossover frequency of the inner current loop, which 

is 𝜔𝑜 = 𝜔𝑥  10% = 3141.59 rad/s, and the phase margin is chosen as 85°. Recall that in this 

case, the inner inductor current loop with unity feedback can be replaced by a unity gain. 

The gain and the phase of the outer plant at the crossover frequency ωo are computed as: 



35 
 

 
|𝐺𝑜(𝑗𝜔𝑜)| = 0.3174, ∠𝐺𝑜(𝑗𝜔𝑜) = −7.2687° 

 

Figure 2-17 shows the Bode plot of the transfer function of the outer plant (sys_outer). 

 

Figure 2- 17 Bode plot of the outer plant sys_outer 

 

Figure 2-17 shows that the gain at the low frequency range is constant and the slop of the plant 

at the crossover frequency is 0, therefore, a type 2 PI controller is designed to achieve the desired 

slope of – 20 dB/dec there.  

Using the same calculation procedure, the type 2 PI controller is designed the outer loop and 

the parameters are: 

τ = 311.17 µs, TP = 305.95 µs, KPI  = 3.1503. 

 

 

The Bode plot of the transfer function of the outer plant (sys_outer), and with the designed type 

2 PI controller, the loop transfer function (LTF) are shown in Figure 2-18. With the designed PI 

controller, one can see that, the design specs (ωo = 3141.59 𝑟𝑎𝑑/s 𝑎𝑛𝑑 𝑃𝑀 = 85ᵒ ) were 

accomplished. 
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Figure 2- 18 Bode plot of the plant sys_outer and LTF 

 

2.5 Simulation scheme 

The performance of the tri-state logic applied to the 4-switch bidirectional DC-DC converter is 

verified with simulation using PSIM in both Boost and Buck-Boost modes of operation. For a rated 

48 V DC bus, and the input voltage is in the range between 24 V and 48 V. Because of the limited 

voltage gains in the Buck-Boost and Boost modes with tri-state modulation, the converter must 

operate in two modes, to regulate the output current.  

2.5.1 Space vector modulation scheme 

The 4-switch bidirectional DC-DC converter can operate with tri-state in Boost mode or Buck-

Boost mode. Depending on the value of the input voltage and the two possible sequences of states 

which were discussed previously, sequence #1 Don -Doff  - Dfw is selected for positive output current 

and sequence #2 Don - Dfw - Doff  for negative output current, the mode of operation can be divided 

into four modes, Mode 11 for Boost sequence #1, Mode 12 for Boost sequence #2, Mode 13 for 

Buck-Boost sequence #1 and Mode 14 for Buck-Boost sequence #2. Figure 2-19 shows how the 

mode of operation, Boost or Buck-Boost is determined by the input voltage (Vin) using a set-reset 

flip-flop and two comparators considering a hysteresis band between 35 V (VBOmax) and 32.5 V 

(VBBmin), which are common to the input voltage ranges of both Buck-Boost and Boost modes of 



37 
 

operation. The “4-input Multiplexer with two control inputs” sends the “mode of operation” (11, 

12, 13 or 14) according to the control inputs 0 or 1 which are achieved from the values for signals 

BorBB (Boost = 0 and Buck-Boost = 1) as well as for Seq #1or #2, (Iref  > 0  (0) and Iref  < 0 (1)). 

 

Figure 2- 19 Mode of operation 

 

As two switches are ON at any given moment, there are four possible “states of operation.” 

These can be defined, #1 is for S1 and S4 ON, #2 is for S2 and S4 ON, #3 is for S1 and S3 ON, 

#4 is for S2 and S3 ON. The definition of the states of operation is shown in Table 2.10. Recall 

that in the tri-state modulation scheme, there are an ON state, an OFF state and a free-wheeling 

state. The ON state is common to both Buck and Buck-Boost modes. The OFF state for the Buck-

Boost mode (DoffBB) is different from that for the Boost mode (DoffB). 

Table 2. 10 State of operation 

State of operation # Switches ON Usage 

1 S1 and S4  -  (S14) ON state for all modes of operation (Don) 

2 S2 and S4  -  (S24) Free-wheeling state for all modes of operation (Dfw) 

3 S1 and S3  -  (S13) OFF state for the Boost mode of operation (DoffB) 

4 S2 and S3  -  (S23) OFF state for the Buck-Boost mode of operation (DoffBB) 
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Therefore, the four “modes of operation” present the “sequences of states” shown in Table 2.11. 

Table 2. 11 The sequences of states of the Mode of operation 

Mode of 

operation 
Mode 

Sequence of states – 

Duty cycles 

Sequence of states –  

Switches 

Sequence of states – 

States of operation 

11 Boost seq #1 Don – DoffB – Dfw  S14 – S13 – S24 1 – 3 – 2 

12 Boost seq #2 Don – Dfw – DoffB S14 – S24 – S13 1 – 2 – 3 

13 Buck-Boost seq #1 Don – DoffBB – Dfw S14 – S23 – S24 1 – 4 – 2 

14 Buck-Boost seq #2 Don – Dfw – DoffBB S14 – S24 – S23 1 – 2 – 4 

 

The four modes of operation have different sequences of states in each period, as shown in 

Figure 2-20. One can see that the first “state of operation” of a switching period is always 1 (Don) 

the second can be: 1) Doff, when io > 0 and one employs sequence #1 (signal Seq1or2 = 0). This 

occurs for “Modes of operation” 11 and 13. Or 2) Dfw, when io < 0 and one employs sequence #2 

(signal Seq1or2 = 1). This occurs for “Modes of operation” 12 and 14. In every period, the three 

states of operation look like a three-level signal, and each state of operation lasts Ton , Toff and Tfw. 

The magnitude of each level depends on the “number of the state.” The duration of each state is: 

Ton = DonTs (the value of the control parameter Don is variable), Toff = Doff Ts (Doff  = 0.35) and Tfw 

= Ts – Ton – Toff (Dfw = 1 – Don – Doff). 
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Figure 2- 20 Sequences of states of the 4 modes of operation a) 11-Boost seq #1, b) 12-Boost seq #2, c) 13-Buck-
Boost seq #1, d) 14-Buck-Boost seq #2 

 

A staircase signal with the three states of operation in tri-state Boost or Buck-Boost modes in 

every switching period, is shown in Figure 2-21. For the Pulse-Width Modulation (PWM), it 

employs a clock signal to start the first state in each period and two outer timers to start the internal 

two states. 
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Figure 2- 21 Staircase signal in one period 

 

The generation scheme of the Pulse-Width Modulation (PWM) is shown in Figure 2-22. It 

concerns essentially the duration of the three states of the sequence of states. The ramp carrier 

signal, with a peak value of 1V, is called ramp-1 and is created by the clock signal as the reset 

signal of an external resettable integrator. The clock signal is a square wave with a frequency of 

50 kHz, and Vpeak  equaling 1. In the resettable integrator, the rising edge is set with “reset flag” = 

0, the time constant is set as 1, the lower output limit is 0 and the upper output limit is 1. The input 

of the integrator is equal to the switching frequency (50 kHz).  

The duration of the first “state of operation” of the “sequence of states” is obtained by 

comparing the Don signal, in the inverting terminal/input, with the carrier ramp-1. This corresponds 

to a signal outcomp1. The duration of the second “state of operation” is obtained by comparing the 

delayed 7 µs (justified later) of the sum of the Don signal added to either Doff or Dfw, in the inverting 

terminal, with the carrier (unity ramp). This depends on whether one is realizing a sequence #1 or 

#2, respectively. This corresponds to a signal outcomp2. The choice off adding either Doff or Dfw, 

to Don, depends on the control input signal Seq1or2 of the 2-input multiplexer (MUX), whose 

possible control inputs are either 0 or 1. The complete staircase signal pre_seq is obtained by 

adding signals outcomp1 and outcomp2, which will be used for creating signal Sequence required 

for obtaining the gating signals of S1 and S3. It should be noted that signal pre_seq concerns only 

the durations of the states in the sequence of states while signal Sequence also shows the number 

of the first, second and third state of the sequence of states, as shown in Figure 2-20. 
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Figure 2- 22 Total three states of operation signal pre_seq 

 

The 7 µs time delay is added considering that the value of Don is not constant and might change 

in a switching period. Figure 2-23 illustrates the theory of 7 µs time delay usage. The switching 

frequency is 50 kHz, one-period time Ts is 20 µs. Considering that Doff is constant and equal to 

0.35,  Toff is 7 µs. When the value of the Seq1or2 is 0, the MUX sends the value of Doff to add with 

Don. One should make sure the value of the control signal (Don1 + Doff) that defines the duration of 

the second state is based on the value of the control signal Don1 used in the determination of the 

duration of the first state (the solid red curve), rather than the value of (Don + Doff) (the blue dash 

curve). Therefore, the (Don + Doff) signal needs to be delayed by Toff . Thus, one should use signal 

(Don + Doff) delayed by 7 µs (the solid green curve). One should note that the time delay does not 

affect the PWM results when Seq1or2 is 1, since it is Dfw to add with Don that is (1- Doff), which is 

constant for the second state. 
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Figure 2- 23 Usage of 7 us time delay 

Figure 2-24 illustrates the Sequence generation scheme. The actual “sequence of state”, variable 

Sequence, presents the appropriate sequence of “states of operation,” including the number and the 

duration of the state. Using a MUX with four inputs (possible states) with a control input which is 

signal pre_seq (Don, Doff or Dfw, Dfw or Doff), a staircase with values 0, 1 and 2. One can see that 

the first “state of operation” is always 1, as shown in Table 8. The second and third states of 

operation depend on the “Mode of operation” which can have values 11, 12, 13 and 14. If one 

subtracts the value of variable “mode” by 11, one determines the control inputs (0, 1, 2 and else) 

of MUX1 and MUX2 with the number of the second and third states (2, 3 or 4) of that “mode” (11, 

12, 13 or 14).  

With the signal Sequence, the gating signals of switches S1 (GS1)  and S3 (GS3) can be obtained 

considering the state of S1 and S3 at each of the four possible “states of operation” (1, 2, 3 and 4), 

by the subcircuit shown in Figure 2-25. The gating signals for S2 and S4 are complementary to S1 

and S3, respectively. It is assumed that GSx = 0 for the switch OFF and = 1 for the switch ON. S1 

is ON during Don and DoffB and S3 is ON during DoffB and DoffBB. The gating signals subcircuit is 

implemented with a “MULTIPLEXER (4-input 1-control)”, and the possible control inputs are (0, 

1, 2 and else.). Since the values of the signal Sequence are 1, 2, 3 and 4, the control inputs of the 
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MUX are achieved by subtracting “1” from the values for the “states of operation” of signal 

Sequence.  

 

 

Figure 2- 24 Sequence generation scheme for gating signals 

 

 

 

Figure 2- 25 Gating signals for the 4 switches 
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The final space vector modulation scheme is shown below in Figure 2-26. 

Figure 2- 26 Final space vector modulation scheme 

 

2.5.2 Circuit scheme with tri-state logic 

The simulation circuit scheme of the 4-switch bidirectional DC-DC converter and the single 

current control loop are shown in Figure 2-27. Parameters Doff  = 0.35, L = 47 µH, Cin = Co = 203 

µF, Rf  = 0.2 Ω, Vdc = 48 V and fsw = 50 kHz. 
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Figure 2- 27 Scheme of the converter and current control loop 

 

2.5.3 Simulation scheme with tri-state logic in Boost and Buck-Boost modes 

To validate the performance of the space vector modulation scheme and the converter operating 

with tri-state logic, using one type 3 PI controller ( τ = 103.37 µs, TP  = 9.8 µs, and KPI  = 0.0435, 

designed with crossover frequency 5 kHz and phase margin 60°) for the output current loop with 

the single duty cycle control, two cases are tested in Boost mode and Buck-Boost mode, 

respectively. 

For the Boost mode of operation, the input voltage is selected as 24 V (Don ≈ 0.36) for case 1 

considering the worst case operating in Boost mode when the SC voltage varies from the half-

rated voltage to the rated voltage. Figure 2-28 and Figure 2-29 show the performance of the space 

vector modulation scheme of case 1.  
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Figure 2- 28 a) PWM, with waveforms of ramp_1 (blue), Don (red), toff_tfw (black), pre_seq and Seq1or2;  b) 

Sequences of the states of operation and gating signals for S1 and S3, c) Inductor current and Mode. 
 (Case 1: Vin = 24 V, Iref = 5 A) 
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Figure 2- 29 a) PWM, with waveforms of ramp_1 (blue), Don (red), toff_tfw (black), pre_seq and Seq1or2 ;   b) 
Sequences of the states of operation and gating signals for S1 and S3, c) Inductor current and Mode.  

(Case 1: Vin = 24 V, Iref = -5 A) 
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In case 1, the value of Vin is 24 V, and the reference current is 5 A. The value of variable mode 

is 11, Boost - sequence #1, and the tri-state sequence is Don - Doff - Dfw. One can see that the PWM 

in Figure 2-28 a), the values of pre_seq are 0, 1, 2 in every period, getting from Don and toff_tfw 

compared with the ramp-1 signal, and the signal Sequence in Figure 2-28 b) shows the values 1-

3-2 as defined in Table 2.11. With the desired modulation scheme, the waveform of the inductor 

current is as discussed in Figure 2-8. It increases with S14 ON during Don and then decreases during 

Doff when S13 is ON, injecting the current into the grid, then keeps the same value during Dfw until 

the next cycle. Likewise, for case 2 with a negative output current (-5 A), Figure 2-29 shows the 

space vector modulation scheme of the mode 12, presenting the Sequence and the waveform of the 

inductor current as discussed before. Therefore, the space vector modulation scheme works as 

expected for the converter operating in Boost mode.  

The waveform of signal toff_tfw used in the PWM generation, presents a ripple for case 1 in 

Figure 2-28 a) and is constant for case 2 in Figure 2-29 a). That is because in case 1, the value of 

toff_tfw equals to (Don + Doff) for 5 A reference, so it changes when the value of Don changes. 

Conversely, in case 2, the value of toff_tfw equals to (Don + Dfw) for – 5 A reference, which equals to 

a constant value (1- Doff) with the fixed Doff, despite the values of Don and Dfw change. 

Figure 2-30 illustrates the performance of the designed control loop with simulation results of 

the main currents of case 1, with 24 V input voltage and 48 V for the DC bus. The 4-switch 

bidirectional DC-DC converter operates in Boost mode, to regulate the output current Io at the 

value of 5 A. In the figure, one can see that the reference current varies in a step-like manner 

between 5 A and -5 A. The value of average output current is 5 A, and the actual value of the 

average inductor current is a little less than 14.3 A(5/0.35 A), about 13.75 A, that is because the 

ratio of Io/IL = Doff  is for the conventional dual-state modulation scheme, while for tri-state with 

constant Doff,  the gain is a bit lower because the free-wheeling state takes place with the lowest 

inductor current magnitude (ILmin) in our application. The error is relatively small and will not be 

considered in this case. For the ratio Io/IL to be Doff, one should create an inductor current waveform 

that is trapezoidal with equal durations for the free-wheeling state at max and minimum currents. 

This is left as a suggestion for future work. The step-up and step-down transitions are also for 

testing the performance of the single current control loop and the stability of the system. The 

simulation results show that: with Vin = 24 V, Iref  = +/- 5 A, the output current waveform (Iout_tri_state) 

is regulated and follows the reference quite accurately in steady state. For positive Iref, the converter 
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works in Mode 11 (Boost sequence #1) and for negative Iref, the converter works in Mode 12 (Boost 

sequence #2), as set in the Mode of operation. For both the step-down and step-up transitions, the 

output current reaches the set point quickly, after around 0.26 ms and 0.25 ms, with a little 

overshoot, the output reaches the steady state very quickly. 

  
Figure 2- 30 Simulation results of the converter operating tri-state Boost mode (Vin=24 V) 

Similarly, to test the Buck-Boost mode of operation, the input voltage is selected as 45 V(Don 

≈ 0.36) for case 2, coincidentally, with the same value of Don as in the case 1 for the Boost mode.  

Figure 2-31 and Figure 2-32 show the performance of the space vector modulation scheme of 

case 2. One can see that in Figure 2-31, with 45 V input voltage and 5 A reference current, the 

mode of operation is 13, and the tri-state sequence is Don - Doff - Dfw. The PWM in Figure 2-31 a), 

the values of pre_seq are 0, 1, 2 in every period, getting from Don and toff_tfw compared with the 

ramp-1 signal, and the signal Sequence in Figure 2-31 b) the Sequence shows the three-level signal 

with values 1-4-2 as shown Figure 2-21 and Table 2.11. With the desired modulation scheme, the 

waveform of the inductor current is as discussed in Figure 2-7 for Buck-Boost mode. Similarly, 

Figure 2-32 shows the signal Sequence and the waveform of the inductor current for the Boost 

mode and sequence #2, mode 14, where the tri-state sequence is Don - Dfw - Doff. Thus, the space 

vector modulation scheme works very well for the converter operating in both Boost mode and 

Buck-Boost mode, with positive and negative output currents, sequences #1 and #2. The waveform 

of signal toff_tfw  presents a ripple in case 1 in Figure 2-31 a) and keeps constant in case 2 in Figure 

2-32 a) as discussed in Boost mode. 



50 
 

  

 

 
Figure 2- 31 a) PWM, with waveforms of ramp_1 (blue), Don (red), toff_tfw (black), pre_seq and Seq1or2 ;  b) 

Sequences of the states of operation and gating signals for S1 and S3, c) Inductor current and Mode. 
 (Case 2: Vin = 45 V, Iref = 5 A) 
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Figure 2- 32 a) PWM, with waveforms of ramp_1 (blue), Don (red), toff_tfw (black), pre_seq and Seq1or2 ; b) 

Sequences of the states of operation and gating signals for S1 and S3, c) Inductor current and Mode. 
 (Case 2: Vin = 45 V, Iref = -5 A) 
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Figure 2-33 shows the simulation results of the output current (Iout_tri_state), inductor current 

I(IL_tri_state)  and signal mode when the converter operates with tri-state Buck-Boost mode with 45 

V input voltage. Like the results of case 1 for Boost mode, the output current follows the reference 

quite well and it is regulated accurately at the value of 5 A for both positive and negative reference 

values (± 5 A). For positive Iref, the converter works in Mode 13 (Buck-Boost sequence #1) and 

for negative Iref, the converter works in Mode 14 (Buck-Boost sequence #2). At the step-down and 

step-up transitions, the output current responds quickly and reaches the steady state very fast. The 

rise time of the step-up transient response is around 0.17 ms and the rise time of the step-down 

transient response is around 0.16 ms. The step-down transient response of Buck-Boost mode is a 

little faster than the one of Boost mode. It is because the value of Vo during Doff state equals to VL 

(Don: VL = Vin) in Buck-Boost mode, while it equals to (Vin-VL ) in Boost mode where during Don 

state, VL = Vin, the larger VL leads to a larger inductor current and then Io. Thus, the Buck-Boost 

mode would have a little faster transient response. 

  

Figure 2- 33 Simulation results of the converter operating tri-state Buck-Boost mode (Vin=45 V) 

For these two cases, with the same value of Don (Don ≈ 0.36), the 4-switch bidirectional DC-DC 

converter can operate well in both Boost and Buck-Boost modes using the same designed type 3 

PI controller with the single duty cycle control. 
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2.5.4 Comparison to conventional dual-state operation  

A comparison of the transient response for the converter operating with tri-state and 

conventional dual-state is done for two cases. For the conventional dual-state control, cascaded 

control loops are used with a type 2 PI (τ = 119.71 µs, TP  = 8.46 µs, KPI  = 0.0276, designed with 

crossover frequency of 5 kHz and phase margin 60ᵒ) controller for the inner inductor current 

control. A type 2 PI (τ = 311.17 µs, TP = 305.95 µs, KPI  = 3.1503, was designed with crossover 

frequency of 1 kHz and phase margin 85ᵒ) controller for the outer output current control. The 

simulation results of the converter operating with dual-state control along with those of the tri-

state control in Boost mode and Buck-Boost mode are shown in Figure 2-34 and Figure 2-35, 

respectively. 

The simulation results show the waveforms of the output current of tri-state (Iout_tri_state) in red 

color, the output current of dual-state (Iout_dual_state) in blue color and the reference (Iref) in black 

color. In Figure 2-34, one can see that for Vin = 24 V and the tri-state converter operating in Boost 

mode, both Iout_tri_state and Iout_dual_state track the reference well, and the tri-state shows significant 

advantage in transient response. Iout_tri_state rises faster by about 0.4 ms than Iout_dual_state for both 

step-down and step-up transitions with acceptable overshoots. In Figure 2-35, for Vin = 45 V and 

the tri-state converter operating in Buck-Boost mode, Iout_tri_state rises faster by about 0.34 ms at the 

step-up transition, and faster by about 0.24 ms at the step-down transition. Besides, the waveform 

of Iout_tri_state reaches the steady state earlier than the waveform of Iout_dual_state.  

The converter operating with tri-state logic uses one type 3 PI controller for the single duty 

cycle control loop while when working with the dual-state logic it uses cascaded control loops 

with an inner inductor current and outer output current loop for a total of two type 2 PI controllers. 

Recall that in such a case, the outer loop must be slower than the inner one. As a result, the tri-

state schemes show faster response.  
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Figure 2- 34 Simulation results of the converter with tri-state and dual-state for case 1 (Vin = 24 V, Boost mode) 

 

 

 

    

Figure 2- 35 Simulation results of the converter with tri-state and dual-state for case 2 (Vin = 45 V, Buck-Boost 
mode)  
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2.6 Summary  

This Chapter discusses the implementation of the 4-switch bidirectional DC-DC converter with 

tri-state logic for interfacing a supercapacitor to a DC grid, operating with fixed Doff  in both Boost 

mode and Buck-Boost mode. The selection of the fixed value of Doff, the intermediate inductor, 

capacitors, mode of operation and a single current control are presented. The design of the PI 

controllers for tri-state and conventional dual-state, to regulate the output current at the set value, 

are presented. The space vector modulation scheme is discussed and presented.  Some tests are 

done to validate the performance of the converter operating with tri-state in Boost or Buck-Boost 

using the single duty cycle control, and comparisons with the converter operating in dual-state are 

also discussed. Since the 4-switch bidirectional DC-DC converter will be used to interface a SC to 

the DC grid, it should be able to operate knowing that in this case, the voltage of the SC varies 

between half rated to rated. With the limited voltage range for the tri-state Boost and Buck-Boost 

modes because of the fixed value of Doff, the mode needs to change between Boost and Buck-Boost 

mode. Thus, a smooth mode transition scheme between the Boost and Buck-Boost modes will be 

discussed and presented in Chapter 3. 
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Chapter 3 Transition between modes of operation 

The converter is designed for interfacing the SC to the DC grid, while the voltage of the SC 

varies between 24 V to 48 V. In the conventional dual-state scheme, operation in the Buck-Boost 

mode would suffice. However, in the tri-state scheme, the converter needs to change between 

Boost and Buck-Boost mode because of the limited input voltage range caused by the fixed Doff. 

The effectiveness of the Boost mode of operation or Buck-Boost mode of operation has been 

verified in the last chapter. In this chapter, a smooth mode transition scheme will be discussed and 

validated by simulation, and an overvoltage and undervoltage protection logic is included to 

prevent the input energy storage device from over-charging and over-discharging.  

 

3.1 Selection of mode of operation 

The issue of the limited input voltage range of the SC for the converter operating with tri-state 

in Boost and Buck-Boost was presented in section 2.2.3. For Doff = 0.35, assuming Vdc = 48 V, the 

converter can operate in the Boost mode with  the input voltage in the range from 24 V to 36.6 V. 

Likewise, the converter can operate in the Buck-Boost mode in the range from 31.2 V to 48 V. 

One can see that the converter cannot operate in only Boost mode or Buck-Boost mode while the 

SC voltage varies between 24 V and 48 V. Therefore, the converter needs to switch modes between 

Boost and Buck-Boost modes, within the two switchover points 35 V (VBOmax) and 32.5 V (VBBmin) 

which were shown previously in the Figure 2-19 mode of operation. 

In principle, one could select an input voltage value, switchover point, between 31.2 and 36.6 

V that would define the mode of operation. If the input voltage is lower than this value, the 

converter operates in the Boost mode. If it is higher, in the Buck-Boost mode. However, noise and 

variations in the output reference current could lead to frequent changes in the mode of operation 

which could degrade the performance of the converter. Therefore, a hysteresis-based scheme was 

employed to prevent this issue, with values equal to 32.5 V and 35 V. The mode transition logic 

also considers the current positive or negative to decide transition mode at 35 V or 32.5 V, because 

the charging/discharging of the SC with negative/positive currents leads to the increase/decrease 

of the SC voltage. 35 V is set as the switchover point from Boost mode to Buck-Boost mode, and 

32.5 V is the switchover point from Buck-Boost mode to Boost mode. To illustrate the process of 

switching of modes, let’s assume that the output current is 5 A, and the SC voltage (Vin) is relatively 
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high, the converter operates in Buck-Boost mode sequence #1 discharging the SC. Then, the input 

voltage decreases while the converter continues to inject current into the DC grid, when Vin is 

lower than 32.5 V, due to insufficient voltage gain, the converter will change to operate in Boost 

mode sequence #1 to avoid the risk of Don saturation. For a negative output current of -5 A, 

assuming that Vin is low, at 24 V, and the converter operates in Boost mode sequence # 2. Since 

the SC is being charged, the input voltage will increase. When Vin becomes 35 V, the mode of 

operation will change to Buck-Boost mode sequence #2. The Figure 3-1 shows an illustration of 

the mode of operation considering the mode transition between Boost and Buck-Boost modes. 

 
Figure 3- 1 Mode of operation considering the mode transition (a) Vin varies between 24 V to 48 V (b)Output 

current Io (C) mode of operation 
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3.2 A dynamic transition between modes of operation 

The io(s)/d (s) transfer functions of the 4-switch converter operating with tri-state and constant 

Doff  in the Boost and Buck-Boost are identical, and the same PI controller is used for both modes 

of operation. However, as the output to input voltage gain (Vo/Vin) of Boost mode is different from 

the one of Buck-Boost mode with the same value of Don coming from the PI controller, only 

changing the mode of operation of the converter when Vin comes to the two switchover points, can 

lead to undesired variations in the value of the output current. Therefore, a smooth mode transition 

logic is required. 

In Figure 3-1, one sees that at the switchover points, only the mode of operation, that is, Boost 

or Buck-Boost mode changes. The sequence does not change considering the same direction of Io. 

Thus, the effect of changing sequences is avoided here and the value of Vo (Vo = IoRf  + Vdc) keeps 

the same at the switchover points for both modes. Therefore, the voltage gain of the Boost mode 

is the same as the voltage gain of the Buck-Boost mode when the mode changes. One can get the 

relationship between DonB and DonBB shown in equation (3-1) with the constant Doff. 

𝐺𝑎𝑖𝑛𝑠𝑤𝑖𝑡𝑐ℎ𝑜𝑣𝑒𝑟_𝑝𝑜𝑖𝑛𝑡𝑠 =
𝐷𝑜𝑛𝐵+𝐷𝑜𝑓𝑓

𝐷𝑜𝑓𝑓
=

𝐷𝑜𝑛𝐵𝐵

𝐷𝑜𝑓𝑓
   (3- 1) 

Therefore, a Mode Transition Block is added to the current control loop as shown in Figure 3-

2. The output of the PI controller (vopi) is treated differently to get different values of Don for 

different modes: DonB is for Boost mode and DonBB is for Buck-Boost mode, to reduce variations 

in the value of the output current and keep the voltage gain at the switchover points, this function 

logic is fulfilled by using “c code” in PSIM, for the verification by simulation.  

 

Figure 3- 2 Current control loop added with a Mode Transition Block 
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Considering the following case: Vin is “low”, and the converter operates in Boost mode, with 

the SC absorbing the current from the DC grid. With the increasing of Vin, the mode of operation 

changes to Buck-Boost at the switchover point of 35 V. During the Boost mode, the output of the 

PI controller, vopi, corresponds to the value of DonB. During the transition to Buck-Boost mode, 

assuming that the error in the absorbed current is zero, the value of vopi remains constant. Thus, 

DonB needs to be changed to DonBB. Based on the equation (3-1), to make sure that the voltage gain 

does not change, Doff is added to the output of the PI controller vopi, to obtain DonBB. Likewise, 

when the mode of operation has to change from Buck-Boost to Boost at the value of 32.5 V input 

voltage, Doff should be subtracted from the output voltage of the PI, to obtain DonB. Figure 3-3 

shows the c code for this smooth mode transition logic, and Figure 3-4 shows the flow chart of the 

smooth mode transition logic. 

 

Figure 3- 3 C code for smooth mode transition 
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Figure 3- 4 Flow chart  for smooth mode transition 

 

3.3 Protection logic for SC voltage 

To protect the supercapacitor, one should limit the current the interface injects/draws into/from 

the DC grid when the SC operates beyond the desired voltage range: 24 V to 48 V. Consider 24 V 

as the over-discharging limit and 48 V as the over-charging limit. Consider the case when the 

interface operates with a positive output reference current, and the SC voltage Vin decreases. When 

Vin is lower than 24 V, the protection logic works to change the reference current to 0 A to prevent 

the SC from over-discharging. Similarly, when the SC is charging, with a negative output reference 

current, when Vin is over 48 V, the protection logic prevents the SC from over-charging by 

changing the reference current to 0 A, as shown in Figure 3-5.  
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Figure 3- 5 Protection of SC from overcharging and over-discharging (a) Vin varies between 24 V to 48 V (b) Changes 
of Iref (Original Iref: in solid blue line; modified Iref: in solid red line) 

 

Figure 3-6 illustrates the schematic diagram of the protection logic. Considering the small 

oscillation of Vin when keeping the output current at 0 A, the hysteresis is included for the two 

limit values. The Iref_modulator signal is then compared with the output current io. Finally, the 

complete output current control scheme can be shown in Figure 3-7. 
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Figure 3- 6 The SC voltage protection logic. 

 

Figure 3- 7 Final current control loop with SC voltage protection logic and mode transition block 

 

3.4 Simulation results 

3.4.1 Final simulation scheme 

The final simulation scheme is shown in Figure 3-8. It includes the 4-switch DC-DC converter, 

the current control loop with SC voltage protection logic, the mode transition block and finally, 
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the space vector modulation scheme that defines the mode of operation and generating gating 

signals for tri-state Boost and Buck-Boost operation. 

 

 

Figure 3- 8 Final simulation scheme 
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3.4.2 Simulation results with a fixed input voltage  

To evaluate the smooth mode transition between modes, the converter first operates with a fixed 

input voltage (33 V) which is common to both Boost and Buck-Boost modes of operation. The 

mode of operation is set to change between Mode 13 and Mode 11 for a constant reference output 

current of 5 A. Then, between Mode 14 and Mode 12 for a constant reference output current of -5 

A.  

Figure 3-9 shows the simulation results for a reference output current of 5 A, the mode is set to 

change from Mode 13 to Mode 11 and then back to Mode 13. There one can see that with the 

smooth mode transition logic, the variations in the injected current due to changes in the mode of 

operation of the converter are very small, as opposed to the waveform of the output current without 

the logic which shows significant variations when the mode changes. Similarly, in Figure 3-10, 

the simulation results for the reference output current at -5 A and the mode is set to change from 

Mode 14 to Mode 12 and then to Mode 14, shows that the smooth mode transition logic leads to 

better and improved performance. 

 

 

Figure 3- 9 Change of mode of operation: Boost to Buck-Boost to Boost for Iref = 5 A and Vin = 33 V.  
Without a smooth mode transition (blue curve) and with a smooth mode transition (red curve). 
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Figure 3- 10  Change of mode of operation: Buck-Boost to Boost to Buck-Boost for Iref = -5 A and Vin = 33 V. 
 Without a smooth mode transition (blue curve) and with a smooth mode transition (red curve). 

 

3.4.3 Simulation results as the input voltage varies 

As the input voltage varies in a wide range, (24 V to 48 V), due to the power injected into the 

DC grid by the SC interface, a test with a 8 mF capacitor as SC is conducted to validate the smooth 

mode transition logic and the single PI controller and duty cycle adjustment control scheme.  

In principle, the converter operating in the Buck-Boost mode should suffice. However, with tri-

state logic and the constant Doff, the limitation of the value of Don leads to a narrow input voltage 

range if the converter only operates in the Buck-Boost mode. Figure 3-11 shows the performance 

of the converter operating only in the tri-state Buck-Boost mode with constant Doff. There one sees 

that the converter can no longer track the reference output current, a square wave varying from -5 

to 5 A with 17 Hz frequency and 0.5 duty cycle (Figure 3-11 a), when the input voltage falls below 

a certain value, about 30 V (Figure 3-11 b). This is because of the maximum limit of the value of 

Don (Figure 3-11 d).  
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Figure 3- 11 a) Reference (blue) and actual output current (red), b) Input/supercapacitor voltage, c) Mode of 
operation, d) Don. 

Figure 3-12 shows the converter operating in both Boost and Buck-Boost modes with the 

automatic mode transition. The reference output current Iref  is the same as before. One can see that 

the actual output current Iout tracks the reference very well and performs very quickly transient 

response. The rise time of step-down transition is around 0.25 ms and about 0.2 ms for step-up 

transition (Figure 3-12 a), and both step-down and step-up transitions reach steady state very 

quickly. The voltage of the supercapacitor varies between 48 V and 24 V as expected for this type 

of application in Figure 3-12 b). Finally, one can see in Figure 3-12 c) and d), the output of the 

type 3 PI controller and the signal that is used as Don to the PWM modulator, depending on the 

mode of operation of the converter: Boost or Buck-Boost. Figure 3-12 d) illustrates how the smooth 
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mode transition scheme works: When a transition from Buck-Boost to Boost occurs, Don is 

increased by Doff and when the transition is from Boost to Buck-Boost, Don is decreased by 

Doff .With the smooth mode transition scheme, the output current presents minor transients seen in 

the top waveform when a mode transition occurs.  

 

 

Figure 3- 12 a) Reference (blue) and actual output current (red), b) Input/supercapacitor voltage, c) Mode of 
operation, d) Output voltage of the current PI controller (blue curve) and Don (red curve). 

 

Once the reference output current presents a longer duration for both 5 A and -5 A as shown in 

Figure 3-13, the voltage of the supercapacitor will decrease below 24 V and increase above 48 V. 

The latter can actually damage a supercapacitor rated at 48 V. On the other hand, for low input 

voltages, due to voltage gain constraints even in the Boost mode, the converter will not be able to 
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keep injecting current into the DC bus. Figure 3-14 shows how the input voltage protection logic 

works to keep the supercapacitor’s voltage within the desired voltage range, from 24 V to 48 V. 

This is achieved by keeping the output current at 0 A if the reference output current is such that 

will take the capacitor voltage outside its specified range. 

  

Figure 3- 13 a) Reference (blue) and actual output current (red) without the input voltage protection logic b) 
Input/supercapacitor voltage 

 

 

 

Figure 3- 14 a) Reference and actual output current with the input voltage protection logic b) Input/supercapacitor 
voltage  
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3.5 Simulation verification for experiments 

An experimental prototype of the bidirectional 4-switch DC-DC converter was also used in 

another existing set-up and some of its parameters and components had to be modified to be able 

to be used in both studies. Thus, the value of the input and output capacitors of this work are 

adjusted to 637 µF as the ones in the set-up. By using bigger capacitors compared to the designed 

ones, the input and output current ripples will become smaller. Before the experimental 

implementation, simulation verification of the digital control scheme will be done with models of 

different peripherals of a DSP F28335 in the SimCoder module [20] in PSIM, which is the same 

as the one (Texas Instrument DSP “TMS320F28335” [21]) used in the experimental prototype. 

 

3.5.1 Design the digital controller using direct digital approach 

To design the digital controller, the sampling frequency used for the feedback output current 

sensor is chosen the same as the switching frequency 50 kHz. For stable operation with the 

experimental setup, the bandwidth of the converter has to be limited within 1/20th of the sampling 

frequency [19], thus the crossover frequency of the experimental setup is selected as 2 kHz in this 

project, and the phase margin is set as 60°. 

Final parameters in the set-up for experiments are shown in Table 3.1. 

Table 3. 1 Parameters in the setup for experiments 

Parameter value 

Inductor L 47 µH 

Output capacitor Co 637 µF 

Fixed Doff for tri-state operation 0.35 

Rf between output capacitor and DC bus 0.2 Ω 

Input voltage Vin 48 V 

Output voltage Vo 52.8 V 

Sampling frequency fs 50 kHz 

 

The transfer function of the plant in s-domain with the above parameters is 

𝐺(𝑠) =  
𝑖𝑜(𝑠)

𝑑(𝑠)
=

2.806×109

𝑠2+7849𝑠+4.092×106
    (3- 2) 
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Mapping G(s) to the z-domain using a zero-order-hold (ZOH) with a sampling frequency (fs) 

50 kHz, one can get  

𝐺(𝑧) =
0.5328𝑧+0.5057

𝑧2−1.853𝑧+0.8547
= 0.5328

𝑧+0.949

(𝑧−0.9888)(𝑧−0.8644)
  (3- 3) 

By using the direct digital approach, the controller is designed in the w-domain first and then 

transferred to the z-domain. This is achieved by using w-transformation and the reverse 

relationship given by [18] 

𝑧 =
1+

𝑇𝑠
2
𝑤

1−
𝑇𝑠
2
𝑤

      (3- 4) 

𝑤 =
2

𝑇𝑠

𝑧−1

𝑧+1
      (3- 5) 

Where Ts = 1/fs . 

Thus, equations (3-4) and (3-5) can be rewritten as 

𝑧 =
1 + 10−5𝑤

1 − 10−5𝑤
 

𝑤 = 105
𝑧 − 1

𝑧 + 1
 

The transfer function of the plant in the w-domain is 

𝐺(𝑤) = 𝐺(𝑧)(𝑧 =
1 +

𝑇𝑠
2 𝑤

1 −
𝑇𝑠
2 𝑤

) = 0.5328

1 + 10−5𝑤
1 − 10−5𝑤

+ 0.949

(
1 + 10−5𝑤
1 − 10−5𝑤

− 0.9888)(
1 + 10−5𝑤
1 − 10−5𝑤

− 0.8644)
 

= −7.3 × 10−3
(𝑤+3.8×106)(𝑤−105)

(𝑤+563)(𝑤+7273)
    (3- 6) 

The controller is designed to fulfill a crossover frequency fc at 2 kHz and phase margin 60° in 

the s-domain. 

In the w-domain, the crossover frequency vc is given by 
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𝑣𝑐 =
2

𝑇𝑠
𝑡𝑎𝑛 (

𝑤𝑐𝑇𝑠

2
) = 12633.88 𝑟𝑎𝑑/𝑠    (3- 7) 

Where  

𝜔𝑐 = 2𝜋𝑓𝑐 = 12566.37 𝑟𝑎𝑑/𝑠 

There is a small change in the crossover frequency vc which is caused by the distortion in the 

frequency when mapping from the z-domain to the w-domain. 

At the crossover frequency vc 

|𝐺(𝑗𝑣𝑐)| = 15.2082             ∠𝐺(𝑗𝑣𝑐) = −154.53° 

To get 60° phase margin, the controller should provide  

∠𝐺𝑐(𝑗𝑣𝑐) = 60° − ∠𝐺(𝑗𝑣𝑐) − 180° = 34.53° 

Therefore, a lead compensator is designed to provide a lead angle 34.53°  

Let the lead compensator be presented as  

𝐺𝑐(𝑤) = 𝑘
𝑤+𝑧

𝑤+𝑝
             (0 < 𝑧 < 𝑝)   (3- 8) 

Choose the pole and the zero so that 

{
 

 √𝑝𝑧 = 𝑣𝑐              

𝑠𝑖𝑛 34.53° =
𝛼−1

𝛼+1

𝛼 =
𝑝

𝑧
                   

     (3- 9) 

After calculation. 

{

  
𝛼 = 3.6168       
𝑝 = 24026.9692
𝑧 = 6643.1567  

 

The gain of the open loop at vc should be 1, that is 

|𝐺𝑐(𝑗𝑣𝑐)||𝐺(𝑗𝑣𝑐)| = 1 



72 
 

𝑘 |
𝑗𝑣𝑐 + 6643.1567

𝑗𝑣𝑐 + 24026.9692
| × 15.2028 = 1 

The gain of the controller is calculated and equals to 0.125, and the digital control in the w-

domain is  

𝐺𝑐(𝑤) = 0.125
𝑤+6643.1567

𝑤+24026.9692
      (3- 10) 

Transferring the controller to the z-domain. 

𝐺𝑐(𝑧) = 𝐺𝑐(𝑤) (𝑤 =
2

𝑇𝑠

𝑧−1

𝑧+1
) = 0.1075

𝑧−0.8754

𝑧−0.6125
    (3- 11) 

Checking the steady state error of one step input 1[n] for the control loop: 

lim
𝑧→1

1

1 + 𝐺𝑐(𝑧)𝐺(𝑧)
= lim

𝑧→1

1

1 + 0.1075
𝑧 − 0.8754
𝑧 − 0.6125

× 0.5328
𝑧 + 0.949

(𝑧 − 0.9888)(𝑧 − 0.8644)

≈ 0.04 

With the reference 5 A output current, the magnitude is five times of one step input that is 5[n], 

thus the steady state error of the control loop will be about 0.2.  

To get zero steady-state error for a step input, the open loop Gc(z)G(z) should have at least one 

pole at 1, since the plant has no poles at 1, a lag compensator is added to the controller with a pole 

at 1, and a zero at 0.9888 to minimize their effect on the transient response and cancel one of the 

poles of the plant. Therefore, the final digital controller is shown below.  

𝐺𝑐(𝑧) = 0.1075
𝑧−0.8754

𝑧−0.6125
×
𝑧−0.9888

𝑧−1
    (3- 12) 

 

3.5.2 Simulation scheme for generating the code used in the DSP 

In digital control, one can see that in Figure 3-15, an ADC module of the DSP F28335 is used 

to convert the analog signals into digital signals and then the digital signals are processed by the 

current control loop. Since the input range of the ADC module is from 0 to +3 V, the actual 

measured values of input voltage vin, output voltage vo, and output current io need to be 

“conditioned” with appropriate gains and level shifts to make sure these values are well within the 

input range of the ADC module. Then, the process is reversed to obtain the actual values of 
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voltages and currents to be used by the DSP for control purposes. Besides, the output current is 

negative when drawing power from the grid, thus an offset (level shift) of 1.5 V for the output 

current is also considered after the gain to make sure all the output current can be sent accurately 

to the ADC module. This conditioning circuit is on the sensor board, and the details are shown in 

the Appendix. The hysteresis for the input voltage protection is also realized in the digital domain. 

Illustrating the hysteresis block for the maximum input voltage as an example, the value of the 

output NAND logic “a” changes ( 0 or 1) when the input voltage reaches the upper limit (48.1 V) 

or lower limit (47.8 V) depending on the signal is rising or falling.  That is when the input voltage 

equals or is lower than 47.8 V, the value of the “L” terminal is 0 so the value of “b” is 1, and the 

value of the “H” terminal is 1. Thus the output NAND logic “a” is 0 regardless of the former value 

of “b”, with the input voltage rising and exceeding 47.8 V but lower than 48.1 V. The value of  “H” 

terminal keeps at 1, the value of  “L” terminal changes to 1, with the unit delays, the NAND logic 

which compares the value of “H” terminal (which is 1) and the former value of “b” (which is 1) 

will keep an output value of “a” at 0.  When input voltage equals or is higher than 48.1 V, the value 

of the “H” terminal is 0, thus the output NAND logic “a” is 1 regardless of the former value of “b”, 

the value of the “L” terminal is 1 and the value of “b” will be 0;  with the input voltage falling and 

lower than 48.1 V but higher than 47.8 V, the value of  “H” terminal changes to 1, the value of  

“L” terminal keeps at 1, with the unit delays, the NAND logic which compares the value of “H” 

terminal (which is 1) and the former value of “b” (which is 0) will keep an output value of “a” at 

1. The value of  “a” is used in the protection logic discussed in chapter 3.3.  
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Figure 3- 15 The ADC module and digital current control loop 

The gating signals for the four switches are generated by using Enhanced PWM Modules 

(ePWM) of F28335. One 1-phase PWM block as a reference ePWM and one 1-phase PWM block 

with phase shift for S1 and S2,  and another 1-phase PWM block for S3 and S4. These three ePWM 

blocks have the same settings: triangular carrier wave starting low, peak-to-peak value “1” and 50 

kHz sampling frequency. For all the four modes of operation (Mode 11, Mode 12, Mode 13, Mode 

14), S3 is only ON during the OFF states, so the input of the 1-phase PWM for S3 is Doff, and the 

gating signal of S4 is the complement of S3. For the input of the 1-phase PWM with phase shift 

for S1 and S2, it has different input values in Boost and Buck-Boost modes, therefore, with the 

value of signal BorBB (Boost = 0 and Buck-Boost = 1) sent to a multiplexer with 2 inputs, the 

values of (Don + Doff) for Boost mode  or  Don for Buck-Boost is sent as an input of the one 1-phase 

PWM block to generate the gating signals, and the calculation procedure of the values of phase 

shift for S1 in the four modes of operation is shown below. 

The input and output waveforms of an ePWM generator with the triangular carrier wave in 

start-low mode are shown in Figure 3-16. In the start-low mode, the ePWM positive output PWMA 

is low at the beginning of the switching cycle, and it is high when the carrier wave is greater than 

the value VH - (vm - VL) [20]. In this project, the positive output PWMA is used for S1 or S3 and 

the PWMB is used for S2 or S4, the value of VH is set to 1, and the value of VL is set to 0. 
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Figure 3- 16 Input and output waveforms of a ePWM generator of F28335 [20]. 

The phase shift value is in degree, and it is 360° for one switching cycle. For a negative phase 

shift, the output will be shifted to the right (lagging) of the switching cycle with respect to the 

reference ePWM generator output, and with a positive phase shift, the output will be shifted to the 

left (leading) of the switching cycle [20]. 

For Mode 11: the Boost mode Don – Doff  – Dfw, the input and output waveforms of the ePWM 

blocks of S1 and S3 are shown in Figure 3-17, without considering the dead time. One can see that 

gating signal waveform of S1 needs to lead phase α to synchronize with the gating signal waveform 

of S3 in every period, since during OFF state, S1 and S3 are both ON.   
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Figure 3- 17 Input and output waveforms of the ePWM blocks of S1 and S3 in Mode 11  
(S1 in orange color, S3 in blue color) 

 

 

Figure 3- 18 Triangle carrier wave with the control signals of S1 and S3 in one period 
(S1 in orange color, S3 in blue color) 

The triangular carrier waveform with the control signals of S1 and S3 in one period is shown 

in Figure 3-18. The value of the leading phase α can be calculated using following equations. 

𝑇1

𝑇/2
=

𝐿1

1
=

𝐷𝑜𝑛

1
      (3- 13) 
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360°

𝛼
=

𝑇

𝑇1
      (3- 14) 

Therefore, for Mode 11, the value of phase shift of the ePWM block for S1 should be: 

𝛼 = 180°𝐷𝑜𝑛 

Similarly, the values of the phase shift of S1 for the four modes of operation can be calculated 

and shown in Table 3.2, Since these values are relative phase shifts between S1 and S3, it does not 

change the phase shift values when adding dead time for the switches. 

Table 3. 2 Phase shift of the ePWM block for S1 

Mode of operation The phase shift for ePWM block for S1 

Mode 11 180°𝐷𝑜𝑛 

Mode 12 −180°𝐷𝑜𝑛 

Mode 13 180°(𝐷𝑜𝑛 + 𝐷𝑜𝑓𝑓) 

Mode 14 −180°(𝐷𝑜𝑛 + 𝐷𝑜𝑓𝑓) 

 

The mode of operation which is illustrated in Figure 2-19 is also realized in the digital domain, 

by adding unit delays with 50 kHz sampling frequency. The mode of operation and ePWM blocks 

for the four switches are presented in Figure 3-19, with the value 0, 1, 2, or 3 that one gets from 

the Mode subtracted 11, sent to a 4-input MUX. The value of the phase shift is forwarded to the 

1-phase PWM block with the phase shift for the gating signal of S1 and S2.  

Figure 3- 19 Mode of operation and ePWM blocks for the four switches 

 

 

Reference ePWM  



78 
 

The total digital simulation scheme is shown in Figure 3-20. 

 

 

Figure 3- 20 Digital simulation scheme 
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3.5.3 Simulation results 

The digital controller designed with new parameters and the digital simulation scheme are 

tested in this section. The performance of the converter with tri-state modulation is validated in 

both Boost (24 V) and Buck-Boost (45 V) modes, shown in Figure 3-21 and 3-22, respectively. 

One can see that in both modes, the output current can track the reference (± 5 A) very well. The 

output current responds very quickly and reaches the steady state fast at the step-up and step-down 

transitions in both Boost and Buck-Boost modes, while it rises a little more rapidly in Buck-Boost 

mode than in Boost mode where the reason is discussed in analog control. 

 
Figure 3- 21 Digital simulation results of the converter with tri-state in Boost mode (Vin = 24 V) 

 

 
Figure 3- 22 Digital simulation results of the converter with tri-state in Buck-Boost mode (Vin = 45 V) 
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Simulation results with a constant input voltage 33 V for the smooth mode transition logic are 

shown in Figure 3-23 and Figure 3-24. There one can see that with a constant input voltage, the 

smooth mode transition logic has a large impact on reducing variations of the output current during 

transitions between Boost and Buck-Boost modes, for both positive and negative reference. The 

results without the smooth mode transition logic present large current variations nearly 9 A when 

mode changes. 

 

Figure 3- 23 Change of mode of operation in digital control: Boost to Buck-Boost to Boost for Iref = 5 A and Vin = 33 
V. Without a smooth mode transition logic (blue curve) and with a smooth mode transition logic (red curve). 

 

 
Figure 3- 24 Change of mode of operation in digital control: Boost to Buck-Boost to Boost for Iref = -5 A and Vin = 33 

V. Without a smooth mode transition logic (blue curve) and with a smooth mode transition logic (red curve). 
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Figure 3-25 illustrates the simulation results tested with a 20 mF capacitor in a wide input 

voltage (24 V- 48 V), with the smooth mode transition logic. In the figure, with a positive reference,  

the converter operates in Buck-Boost mode sequence 1 with 48 V input voltage, and the input 

voltage decreases when the converter is injecting current into the grid. When the input voltage 

comes to a transition point of 32.5 V, the mode changes to Boost mode sequence 1. Then, when 

the reference changes to a negative, the capacitor is charged, and its voltage increases from 24 V 

to 48 V. Finally, when it comes to a transition point of 35 V, the mode changes from Boost mode 

sequence 2 to Buck-Boost mode sequence 2. During the total process, one can see that the output 

current tracks the reference very well and has tiny current variations when mode changes between 

Boost and Buck-Boost modes. 

  

Figure 3- 25 The 4-switch converter operating with a wide input voltage in digital control: a) Reference and actual 
output current, b) Input/supercapacitor voltage, c) Mode of operation 

 

3.6 Summary 

This Chapter discusses how the smooth mode transition logic works for the 4-switch 

bidirectional DC-DC converter operating between Boost and Buck-Boost modes, with the input 

voltage varying between 24 V and 48 V. The smooth mode transition using c code is shown and 

the input voltage protection logic, to prevent undervoltage and overvoltage across the 

supercapacitor, is designed and illustrated. Several cases are run to evaluate the smooth mode 

transition logic with a constant input voltage of  33 V, with the variable input voltage, and cases 

with and without the input voltage protection logic are also shown. Simulation verification for the 
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experimental tests with updated parameters and designed digital controller was presented and 

verified. The experimental implementation will be presented in Chapter 4. 
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Chapter 4 Experimental Implementation 

The primary goal of this work is to implement a signal duty cycle control for regulating the 

output current of a 4-switch bidirectional DC-DC converter with tri-state logic, operating in both 

Boost and Buck-Boost modes with a wide input voltage range of a supercapacitor, by using the 

smooth mode transition logic. The experimental setup is illustrated in this chapter, and some 

different experimental cases are presented and discussed. 

 

4.1 Experimental setup 

The experimental prototype [22] of the 4-switch bidirectional DC-DC converter is implemented 

in this work, using a modified board of a Texas Instruments (TI) converter “LM5170EVM-BIDIR 

Bidirectional Converter Evaluation Module” [23] which was also used for another research. The 

board consists of four MOSFETS, arranged in two half-bridges, with respective gate driver circuits, 

a capacitor bank of 637 µF in both input and output, and a 47 µH inductor connected between the 

two half-bridges. The input and output voltages and the output current are sensed by hall-effect 

based voltage and current sensors on the PCB board of the converter. A signal conditioning circuit 

is used for converting the sensed current and voltages into voltage values that can be supplied to a 

DSP F28335 (Texas Instrument DSP “TMS320F28335” ): 0 – 3 V. Codes for the F28335 are 

generated in PSIM, from the simulation files, and imported in Code Composer Studio [24]. 

Experimental results are presented using a ROHDE&SCHWARZ oscilloscope available in the 

PEER laboratory, Concordia University. 

One can see in Figure 4-1 the block diagram of the experimental setup. The 4-switch 

bidirectional DC-DC converter is implemented on the PCB board connecting with the DSP and 

sensors measurement board. In this project, the converter operating with tri-state can interface a 

supercapacitor to a DC grid, or two energy storage devices. Considering the devices availability 

in the lab, a DC power supply parallel with a resistor through a diode for charging and discharging 

is used for emulation of the DC bus. For the supercapacitor, two 16 V 58 F series-connected 

supercapacitors are used in the verification experiments with varying input voltage. Based on the 

datasheet, the voltage protection limits are set as 14 V and 26 V, thus the SCs need to be charged 

higher than 14 V, before it can be connected to the circuit for transient power support. A soft 
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starting scheme consisting of a switch (S5) in series with a resistor Rin and in parallel with another 

switch (S6), is added between the input source and the converter. This prevents large in-rush 

currents from the supercapacitor to the input filter capacitor of the converter. After connecting the 

storage unit or charged SC to the converter, S5 will be closed first to charge the input capacitor 

Cin, then S6 is closed to short the resistor Rin, to conduct the experimental tests.  

 

Figure 4- 1 The block diagram of experimental setup 

 

Figure 4-2 shows the experimental setup, which is assembled in the laboratory. One can see 

that a DC power supply (A) and a resistor (B) are used to charge supercapacitors (C), the 4-switch 

bidirectional DC-DC converter (D) interfaces SCs and a DC power supply (F) parallel with load 

resistor RL (E) through a diode. The experimental results are presented on the oscilloscope (H). 

Figure 4-3 presents a snapshot of the 4-switch bidirectional DC-DC converter board and sensors 

board and the DSP F28335 board. 
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Figure 4- 2 The experimental setup.(A) DC power supply for charging SC. (B) Resistor. (C) Supercapacitors. (D) 4-
switch bidirectional DC-DC converter board, DSP F28335 board and current sensors and conditioning circuit board. 

(E) Load resistor. (F) DC power supply. (G) DC power supply for switches and sensors. (H) Oscilloscope. 
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Figure 4- 3  4-switch bidirectional DC-DC converter board, DSP F28335 board and current sensors and conditioning 
circuit board. 

 

4.2 Experimental results 

4.2.1 Open loop test 

In this project, the bidirectional DC-DC converter can operate in both Boost and Buck-Boost 

mode. In the tests conducted in the laboratory, a supercapacitor was used in one side and a uni-

directional, source only, DC power supply in the other. In order to prevent reverse power flow in 

the power supply, a diode and a “shunt resistor” are employed along with the power supply. The 

resistor is calculated so that the current it draws from the power supply is higher than the maximum 
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current the DC can inject in its bus. In this way, the voltage at that bus is clamped to the voltage 

set at the DC power supply. Recall from Figure 2-19 and Table 2-11 that there are four modes of 

operation, with positive or negative output current reference. To check the converter performance, 

the gating signals of the four switches in the four modes of operation are tested first. The 

experimental gating signals of the four switches are obtained from the GPIO 2, GPIO 3, GPIO 4, 

and GPIO 5 of the F28335, with high value 3.3 V for switch ON and low value 0 V for switch 

OFF. For gating the four MOSFETs, +15 V potential is provided from an onboard power supply 

to turn the MOSFET “ON” and - 8.5 V potential is provided to turn the MOSFET “OFF” [22]. 

4.2.1.1 The impact of phase shift in the ePWM of S1  

The impact of the phase shift in ePWM of S1 is verified, and two tests in Boost mode are shown 

as examples. The output of the reference ePWM obtained from GPIO 0 of the F28335 and gating 

signals of S1, S2, and S3 are presented on the oscilloscope, to show the gating signal of S1 leading 

or lagging phase α with respect to the reference ePWM output based on Table 3.2. With given 

values: Don = 0.5, Doff  = 0.35 and Dfw = 0.15, and setting signal BorBB = 0 (Boost mode). The test 

settings of Seq1or2 and expected results of phase α shown in Table  4.1. 

Table 4. 1 Test setting and expecting results for phase shift impact 

 Equation of α Value of α 

(Degree) 

Time duration in one switching 

cycle respect to α (µs) 

Mode of operation 

Seq1or2 = 0 180°𝐷𝑜𝑛 90° 5 Mode 11 

Seq1or2 = 1 −180°𝐷𝑜𝑛 −90° −5 Mode 12 

 

In Figure 4-4, one can see cursor 1 for gating signal of S1 (C2 in pink color) leading (move to 

left) by 5 µs with respect to cursor 2 for the output of the reference ePWM (C1 in blue color). The 

gating signal of S2 (C3 in light blue color) is a complement to gating signal of S1, and the gating 

signals of S1, S2, and S3 (C4 in green color) present the right sequence Don - Doff  - Dfw in Mode 

11 in one switching period 20 µs, with 50 kHz switching frequency. Similarly, in Figure 4-5, one 

can see cursor 1 for the gating signal of S1 lagging (move to the right) by 5 µs with respect to 

cursor 2 for the output of the reference ePWM, and the gating signals of S1, S2, and S3 present 

the right sequence Don - Dfw  - Doff  in Mode 12 in one switching period. Thus, the equations of 

phase shift are validated, and work as expected. 
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Figure 4- 4 Output of reference ePWM (C1 in blue color) and gating signals of S1 (C2 in pink color), S2 (C3 in light 

blue color) and S3 (C4 in green color) in Mode 11 
 

 
Figure 4- 5 Output of reference ePWM(C1 in blue color) and gating signals of S1(C2 in pink color), S2 (C3 in light 

blue color)and S3(C4 in green color) in Mode 12 
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4.2.1.2 Mode of operation test 

The gating signals of the four switches are tested in four modes of operation with constant 

value/duration of each state. 

The duty cycles of the three states are set as : Don = 0.4, Doff = 0.35, Dfw = 0.25. 

1) Mode 11 

This mode of operation is for Boost mode with sequence Don - Doff  - Dfw. The gating signals 

should be 

• S1 : ON during both ON and OFF states (Don & Doff) with a total duty cycle 0.75 

• S2 : complement to S1 

• S3 : only ON during the OFF state (Doff) with a total duty cycle 0.35 

• S4 : complement to S3 

The converter operates in Boost mode, S1 is kept ON during ON and OFF state and then turns 

off during the free-wheeling state (Dfw), so the ON duration of S1 should be 0.75 Ts.  

The experimental results are displayed on the oscilloscope screen. In Figure 4-6, one can see 

the four gating signals in Mode 11. It shows that the switching frequency is  49.99 kHz, and S1 is 

ON with duty cycle 0.7496 as analyzed. S2 is complement to S1 and S4 is complement to S3.  
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Figure 4- 6 Gating signals for the four switches in Mode 11. (C1--- S1, C2 --- S2, C3 --- S3, C4 --- S4) 

 

2) Mode 12 

This mode of operation is also for the Boost mode but with sequence Don - Dfw - Doff. The gating 

signals should be 

• S1 : switching with a total duty cycle of 0.75 

• S2 : complement to S1 

• S3 : only ON during the OFF state (Doff) with a total duty cycle of 0.35 

• S4 : complement to S3 

Figure 4- 7 illustrates the gating signals of the four switches in Mode 12, with the free-wheeling 

state in the middle. The duration time of the ON-state for each switch in every period is the same 

as in Mode 11, since it is still Boost mode. S2 and S4 are ON during the free-wheeling state, and 

it is followed with S1 and S3 ON during the OFF state. 
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Figure 4- 7 Gating signals for the four switches in Mode 12. (C1--- S1, C2 --- S2, C3 --- S3, C4 --- S4) 

 

3) Mode 13 

This mode of operation is for Buck-Boost mode with sequence Don - Doff  - Dfw. The gating 

signals should be 

• S1 : only ON during ON state (Don) with duty cycle of 0.4 

• S2 : complement to S1 

• S3 : only ON during the OFF (Doff) state with a duty cycle of 0.35 

• S4 : complement to S3 

Figure 4-8 illustrates the gating signals of the four switches in Mode 13, the Buck-Boost mode. 

In this mode, S1 is ON with a duty cycle 0.4 as the value of Don, and S2 is ON during both ON 

and OFF states (Don & Doff). S2 and S3 are ON during OFF state (Doff) after S1 and S4 ON.  One 

can recognize the gating signals are ON as shown in Table 2.11. 
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Figure 4- 8 Gating signals for the four switches in Mode 13. (C1--- S1, C2 --- S2, C3 --- S3, C4 --- S4) 

 

4) Mode 14 

This mode of operation is for Buck-Boost mode with sequence Don - Dfw - Doff . The gating 

signals should be 

• S1 : switching with duty cycle 0.4 

• S2 : complement to S1 

• S3 : only ON during the OFF state (Doff) 

• S4 : complement to S3 

Figure 4- 9 illustrates the gating signals of the four switches in Mode 14, with the free-wheeling 

state in the middle, and the four switches are ON or OFF as analyzed in the Buck-Boost mode.  
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Figure 4- 9 Gating signals for the four switches in Mode 14. (C1--- S1, C2 --- S2, C3 --- S3, C4 --- S4) 

In all four test cases, the shapes of the gating signals of the four switches are matched with the 

mode of operation, and the switching frequency and the duty cycle of S1 are shown as analyzed in 

each mode. 

4.2.1.3 Boost mode test 

A dead time of 0.2 µs is added in the ePWM blocks of the the four switches in the experimental 

tests, to prevent the complementay switches (S1 and S2, S3 and S4) from being ON at the same 

time which will short circuit the power source and damage devices. Thus, the duty cycle shown on 

the oscilloscope will be a little less than the theoretical values. 

To test the Boost mode of operation in open loop, only using a DC power supply, replacing the 

supercapacitor in the input side (Vin)  and a load resistor, in the output (Vo). The DC power supply 

is set to 24 V, and the reference current is set at 5 A. Then, the output voltage should be 50.55 V 

with 10.11 Ω load, the expected value of Don based on the equation (2-7) can be calculated, and 

the value of each state is shown as below 

Don = 0.39,  Doff  = 0.35,  Dfw = 0.26 
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Figure 4-10 illustrates the experimental results of the Boost mode with positive reference, that 

is Mode 11. S1 remains ON during Don and Doff states. In the figure, one can see that the duty cycle 

of S1 and S3 are a little less than the mathematical values because of the dead time. The value of 

ouput current is 4.5439 A which is a little less than 5 A, which is caused by the power losses of 

the circuit. These are not modeled in the derivation of the voltage gain of the converter. 

 

Figure 4- 10 Output current and gating signals for open loop test in Boost mode.  
C1 (blue): output current, C2 (pink): gating signal of S1, C3 (light blue): gating signal of S3 

 

4.2.1.4 Buck-Boost mode test 

To test the Buck-Boost mode of operation only using a DC power supply and a load resistor, as 

in the previous test. The DC power source is set to supply 36 V, and the reference current is set at 

5 A. Then, the output voltage should be 50.55 V with 10.11 Ω load. The expected value of Don 

based on the equation (2-10) can be calculated, and the value of each state is shown as below 

Don = 0.49,  Doff  = 0.35,  Dfw = 0.16 
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Figure 4-11 illustrates the experimental results of Buck-Boost mode with positive reference, 

that is Mode 13. With the set values of the three states, one can see that the value of the output 

current is lower than expected as in the Boost mode. The reason is the power losses of the circuit. 

 

Figure 4- 11 Output current and gating signals for open loop test in Buck-Boost mode. 
C1 (blue): output current, C2 (pink): gating signal of S1, C3 (light blue): gating signal of S3 

 

4.2.3 Closed-loop test 

The closed-loop operation is also tested with the DC power supply and the resistance load of 

10.11Ω. With the values of input voltage of the converter: 24 V for Boost mode and 36 V for 

Buck-Boost mode, the control loop in the DSP F28335 can calculate the value of Don based on the 

output current from current sensor for different reference values. Based on the error, the digital 

controller provides a modulation signal that is send to the ePWM blocks to generate the gating 

signals. The reference current is set to change from 5 A to 4 A then back to 5 A, to verify whether 

the digital controller regulates the output current at the set values and track the reference. 



96 
 

Figure 4-12 illustrates the closed-loop experimental results tested with 24 V input voltage (C1 

in blue color), for the converter operating in Boost mode. One can see that the output current (C2 

in pink color) is regulated at the reference current 5 A or 4 A, and follows the reference signal 

changing from 5 A to 4 A and then to 5 A. It presents speedy dynamic responses at the step-down 

and step-up current transitions. The output current shows small current ripples with the large output 

capacitors used on the setup. The output voltage (C3 in light blue color) has the same changing 

tendency as the output current. 

 

Figure 4- 12 Experimental results with input voltage 24 V in Boost mode.  
C1 (blue): input voltage, C2 (pink): output current, C3 (light blue): output voltage 

Figure 4-13 illustrates the experimental results tested with 36 V input voltage (C1 in blue color)  

in Buck-Boost mode. One can see that the output current (C2 in pink color) tracks the reference 

current signal changing from 5 A to 4 A and then to 5 A, presenting fast dynamic responses at the 

step-down and step-up current transitions. The output current shows small current ripples and the 

output voltage (C3 in light blue color) has the same changing tendency as the output current. With 

the experimental results of the closed-loop test in both Boost and Buck-Boost modes, the output 
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current tracks the reference signal very well and presents fast dynamic responses. So the designed 

digital controller works as expected. 

 

Figure 4- 13 Experimental results with input voltage 36 V in Buck-Boost mode.  
C1 (blue): input voltage, C2 (pink): output current, C3 (light blue): output voltage 

 

4.2.4 Mode transition logic test  

The mode transition logic is tested with a constant input voltage. The DC power supply is set 

to supply  a constant  input voltage at 33 V for the converter, and a 10.11 Ω resistor is connected 

to the output of the converter. The reference output current is set at 5 A, so the output voltage will 

be 50.55 V. The value of  signal BorBB is set to change between 0 and 1 by using a square wave 

voltage source with frequency 0.1 Hz, 0.5 duty cycle, DC offset equaling 0 and Vpeak_peak equaling 

1. In this way, the mode of operation can change between Boost mode (Mode 11) and Buck-Boost 

mode (Mode 13). The value of the Mode of operation subtracted by 11 is sent to the digital output 

of F28335, with a high value of  “1” as Mode 13, and a low value of  “0” as Mode 11. 

Experimental results without the smooth mode transition logic are shown in Figure 4-14. One 

can see that the input voltage (C1 in blue color) is about 33.197 V, with the mode of operation (C4 
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in green color) changing from Mode 13 to Mode 11 and then back to Mode 13 (variable value of 

C4: 1-0-1). The output current (C2 in pink color) has a mean value of 4.9518 A but presents large 

current spikes at the mode transitions, and the output voltage (C3 in light blue color) also has large 

voltage variations at the mode transitions. One can see the values of the current variations at the 

transitions in Figure 4-15 and Figure 4-16. When the mode changes from Buck-Boost mode to 

Boost mode in Figure 4-15, the output current increases sharply from around 5 A to about 6.9 A, 

then back to about 5 A after 25 ms. And when the mode changes from Boost mode to Buck-Boost 

mode in Figure 4-16, the output current decrease sharply from around 5 A to about 2.1 A, then 

back to about 5 A after 25 ms. Therefore, without the smooth mode transition logic, when the 

mode changes between Boost and Buck-Boost modes, the output voltage and output current 

present large voltage/current spikes at the mode transitions, which cause power losses and might 

damage devices. 

 
Figure 4- 14 Experimental results without smooth mode transition logic. C1 (blue): input voltage, C2 (pink): output 
current, C3 ( light blue): output voltage, C4 (green): from Mode 13(high value) to Mode 11(low value) to Mode 13 
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Figure 4- 15 Output current variation without smooth mode transition logic. C1 (blue): input voltage, C2 (pink): 

output current, C3 ( light blue): output voltage, C4 (green): Mode 13 (high value) and Mode 11 (low value) 

 
Figure 4- 16 Output current variation without smooth mode transition logic. C1 (blue): input voltage, C2 (pink): 

output current, C3 ( light blue): output voltage, C4 (green): Mode 13 (high value) and Mode 11 (low value) 
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After adding the smooth mode transition logic, experimental results are presented in Figure 4-

17, Figure 4-18, and Figure 4-19. In Figure 4-17, one can see that the input voltage (C1 in blue 

color) is about 33.039 V, with the mode of operation (C4 in green color) changing from Mode 13 

to Mode 11 and then back to Mode 13 (variable value of C4: 1-0-1). The output current (C2 in 

pink color) has a mean value of 5.0372 A, with a very tiny current variation at the transition from 

Mode 13 to Mode 11, and the output voltage (C3 in light blue color) has the same changing 

tendency. One can see the variation of the output current at the transition from Buck-Boost mode 

to Boost mode in Figure 4-18. It changes a little,  from around 5 A to about 5.4 A, then back to 

about 5 A very quickly, and when the mode changes from Boost mode to Buck-Boost mode in 

Figure 4-19, the output current presents a very tiny current variation that can be neglected. 

Therefore, the smooth mode transition logic works very well when the mode changes between 

Boost and Buck-Boost modes, the output current present presents tiny current variations at mode 

transitions. 

 

 
Figure 4- 17 Experimental results with smooth mode transition logic. C1 (blue): input voltage, C2 (pink): output 

current, C3 ( light blue): output voltage, C4 (green): from Mode 13 (high value) to Mode 11 (low value) to Mode 13 
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Figure 4- 18 Output current variation with smooth mode transition logic. C1 (blue): input voltage, C2 (pink): output 

current, C3 ( light blue): output voltage, C4 (green): Mode 13 (high value) and Mode 11 (low value) 

 
Figure 4- 19 Output current variation without smooth mode transition logic. C1 (blue): input voltage, C2 (pink): 

output current, C3 ( light blue): output voltage, C4 (green): Mode 13 (high value) and Mode 11 (low value) 
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4.3 A supercapacitor test 

Two 16 V 58 F supercapacitors (SCs) from Maxwell are connected in series to get an equivalent 

32 V 29 F capacitance. Based on its datasheet, the limits for the input voltage protection are set as 

14 V and 26 V. To test the bidirectional control of the output current with the converter interfacing 

SC with varying voltage, a DC power supply paralleled with a 5.6 Ω resistor through a diode is 

used at the output. Before the test, the SCs are charged to 14.5 V. Considering safety charging, 

and discharging of  the SC and also presenting the experimental results with more details,  the 

reference output current is set as +/- 1 A. Thus the voltage of the SC is expected to change between 

14 V and 26 V because of the input voltage protection logic. Besides, as the SC voltage changes,   

the mode of operation of the converter should change between Boost and Buck-Boost modes. 

Figure 4-20 presents the experimental results with reference current of -1 A, what should lead 

to the supercapacitor to charge, increasing its voltage. In the figure, one can see that the output 

voltage (C2) is set constant, and the output current (C3) changes from 0 A to -1 A and tracks the 

reference current at -1 A. Thus the SCs are charged and the input voltage (C1) increases from 

minimum voltage (14 V) to maximum (26 V). The mode (C4) changes from Boost mode to Buck-

Boost as the input voltage increases. The output current ripple changes when the mode of operation 

changes. When the input voltage reaches the “overvoltage protection”  limit of 26 V, the input 

voltage protection logic works to prevent the input voltage going higher. Thus, the voltage of SC 

keeps stable at 26 V with an output current equal to 0 A from 120 s on, in the figure. 
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Figure 4- 20 Experimental results of the converter with varying input voltage for -1 A reference current. C1 (blue): 
input voltage, C2 (pink): output voltage, C3 ( light blue): output current, C4 (green): Buck-Boost mode (high value) 

and Boost mode (low value) 

Figure 4-21 presents the experimental results with reference current of 1 A, what should lead 

to the supercapacitor to discharge, decreasing its voltage. In the figure, one can see that the 

reference current, and the output current (C3) change from 0 A to 1 A and the converter operates 

in Buck-Boost mode. As the SCs discharge and the input voltage (C1) decreases, the mode of 

operation (C4) changes from Buck-Boost mode to Boost mode. There is a tiny current variation at 

the mode transition. When the input voltage decreases to the “undervoltage protection” limit of 14 

V, the input voltage protection logic works to prevent the input voltage from going lower, from 

80s on, in the figure. 

From Figure 4-20 and Figure 4-21, the output current tracks the reference current +/- 1 A well, 

and the voltage protection logic works fine to prevent the SC voltage from going too high or too 

low. With the smooth mode transition logic, the converter operates in Boost and Buck-Boost 

modes with small current variations when the mode changes. The output current presents ripples 

tracking 0 A when the input voltage protection logic works, which could be the future work to 

improve the experimental performance of the protection logic. 
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Figure 4- 21 Experimental results of the converter with varying input voltage for 1 A reference current. C1 (blue): 
input voltage, C2 (pink): output voltage, C3 ( light blue): output current, C4 (green): Buck-Boost mode (high value) 

and Boost mode (low value) 

4.4 Summary 

Chapter 4 presents the experimental setup, and several experimental tests are discussed. The 

impact of the phase shift is presented and validated. The gating signals for the four modes of 

operation are checked first. Open loop test and closed-loop test for the converter operating in Boost 

and Buck-Boost modes are presented, showing that the digital controller regulates the output 

current to track the reference current very well with tri-state logic. With a constant voltage of 33 

V input voltage for positive 5 A reference output current, the smooth mode transition logic is tested 

by changing the mode between Mode 11 and Mode 13. One observes less current variations when 

the mode changes compared with the experiment results without using the smooth mode transition 

logic. The experimental results of the converter connecting SCs to a DC source illustrate the 

capability of bidirectional power flow control of the converter with tri-state logic operating with a 

wide input voltage range. Lastly, that the input voltage protection logic works fine. 
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Chapter 5 Conclusions  

5.1 Summary 

This thesis presented a control scheme for a 4-switch bidirectional DC-DC converter for 

interfacing a supercapacitor to a 48 V DC bus. In order to eliminate the Right-Half Plane zero from 

the transfer function relating the output current/voltage to the duty cycle, a tri-state control logic 

with an inductor current free-wheeling segment/state is employed. This, on the other hand, leads 

to a multi-variable control problem which can be circumvented with a fixed value for one of the 

three “states”, in this case, Doff. However, this action reduces the voltage range for which the 

converter can operate in the Boost and Buck-Boost modes. This is a significant drawback in cases 

such as the one considered in this work, where the input/supercapacitor voltage is expected to vary 

in a relatively wide range, from rated to half rated. The solution is to identify when the mode of 

operation needs to be changed and come up with a logic that allows such changes with minimum 

impact on the output/injected current. This has been achieved in this work along with a suitable 

modulation scheme and digital control scheme that has been implemented in a DSP.  Simulation 

results are presented and validate the smooth mode transition logic and the space vector 

modulation scheme. Moreover, a designed digital controller and several different peripherals of a 

TI-DSP (F28335) are used, and its performance is verified by means of simulation and 

experimental tests. 

In Chapter 2, the implementation of the 4-switch bidirectional DC-DC converter with tri-state 

logic for interfacing a supercapacitor to a DC grid is presented. Calculations were made for the 

required intermediate inductor and capacitors for the converter. Since the primary goal of the 

converter is to control the injected/absorbed current at +/-5 A when the converter operates in Boost 

and Buck-Boost modes, a space vector modulation scheme, and a single duty cycle control scheme 

with a PI controller are designed to achieve the primary goal. The converter with tri-state logic and 

fixed Doff  presents a simpler control loop design and faster transient response than the conventional 

dual-state control scheme as demonstrated by means of PSIM simulation. 

With the fixed value of Doff, the input voltage range becomes narrow, in Chapter 3, a smooth 

mode transition logic is discussed and presented to solve this issue, so that the converter could 

change modes between Boost and Buck-Boost modes when the input voltage varies in a wide 

range, with a tiny current variation, compared to without using the smooth mode transition logic. 
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An input voltage protection logic is presented to prevent the supercapacitor from over-charging 

and over-discharging. The performance of the converter connecting a supercapacitor to the DC 

grid with the smooth mode transition logic and input voltage protection logic is validated and 

presented with several PSIM simulation tests. A digital controller is designed with parameters in 

a setup for experiment by using direct digital approach. Preliminary simulations of the final 

experimental tests are done and presented with the designed digital controller and ePWM blocks 

of the TI-DSP F28335 in PSIM. 

In Chapter 4, the experimental set-up is presented, and  some experimental tests are shown and 

discussed for the smooth mode transition logic. The experimental results are very similar to those 

in the simulation verification. The results show that the ePWM blocks used for the four switches 

generate accurate gating signal waveforms based on different modes of operation. With a constant 

voltage 33 V DC supply, the mode of operation is changed between Mode 11 and Mode 13 for 

positive 5 A reference output current. It presented much improved results in the experimental tests 

compared to without using the smooth mode transition logic. Overall, the main goal of this thesis 

was to regulate the output current at the set value when the bidirectional DC-DC converter 

interfaces a supercapacitor to a DC bus with tri-state logic, operating in Boost and Buck-Boost 

mode with a wide input voltage range. The experimental results of the converter connecting a SC 

to a DC source shows that the main goal is achieved. 

 5.2 Future work 

As future work, the following is suggested: 

1) In this work, the proposed space vector modulation scheme was not implemented in 

experimental verification since it involves the hardware CPU bandwidth of the DSP F28335 

and managing the interrupt service routine of the various tasks. One of the potential future 

developments can be to implement the space vector modulation scheme in hardware for 

experimental verification. 

2) A scheme for connecting the 4-switch converter to a DC bus smoothly. There, the output 

voltage of the converter is adjusted to the voltage of the DC bus prior to closing a DC 

breaker/switch so as to avoid high current transients.  

3) Include droop based and current limiting control loops for the current injected by the 

supercapacitor interface into the DC bus, along with other distributed energy resources.  
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Appendix 

An interface power conditioning circuit [22] shown in Figure 1 is used to process the voltage 

and current sensors’ signals to the DSP. 

The analog output voltage signals of the voltage sensor and current sensor are very weak with 

long wires transmission to DSP. The interface power conditioning circuit is used between sensors 

and DSP to avoid long wires transmission and protect the signals from noise as much as possible 

and limit the signals in the input range of the DSP F28335 (0 – 3 V). 

 

Figure 1 The interface power conditioning circuit  

The analog output voltage signal of the output current could be positive or negative, it is 

processed and sent to the conditioning circuit that contains a unity gain voltage op-amp circuit and 

an offset of 1.5 V provided by a resistor voltage divider.  

Figure 2 shows the unity gain circuit for current sensors. The transfer function of this op-amp 

circuit is: 

𝑉𝑜 = [
𝑍1+𝑅2

𝑅2

𝑍4

𝑍4+𝑅3
𝑉2] −

𝑍1

𝑅2
𝑉1      ( 1 ) 

With R1 = R2 = R3 = R4, this equation can be simplified as 

Conditioning Circuit 

Current sensor 

Voltage sensor 

Output current 
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𝑉𝑜 = 𝑉2 − 𝑉1       ( 2 ) 

Where the value of V1 is 1.5 V, provided by a resistor voltage divider. In equation (2), Vo equals 

to Vin , the gain of the amplifier is unity. This unity amplifier could isolate the input side of the 

circuit from the output side completely. 

 

Figure 2 Unity gain circuit for current sensor 

The unity gain circuit for voltage sensor is similar to the one for current sensor, replacing the 

1.5 V with ground. The resistors and capacitors that are being used in unity gain circuit for current 

sensor are given in the Table 1 and in  unity gain circuit for voltage sensor are given in Table 2.  

Table 1 Parameters for current sensor measurement and unity gain offset circuitry 

C1(pF) C2(pF) R1(Ω) R2(Ω) R3(Ω) R4(Ω) Rm(Ω) 

820 820 39 k 39 k 39 k 39 k 100 

 
Table 2 Parameters for voltage sensor measurement and unity gain circuitry 

C1(nF) C2(nF) R1(Ω) R2(Ω) R3(Ω) R4(Ω) Rm(Ω) 

2.2 2.2 22 k 22 k 22 k 22 k 100 

 

+      - 

 Vo 


