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Electric vehicles (EVs) are an alternative to fossil-fuel-powered vehicles. However, high 

prices make them inaccessible for mass market adoption. Power electronics are a key 

enabler of vehicle electrification. In this work, the design of a bidirectional converter 

control is performed for application in EVs. A bidirectional topology with step-up and 

step-down capabilities is designed. Proportional-Integral-Derivative (PID) is the 

elementary control method and the most popular in power converters due to its ease of 

implementation, scalability, low hardware-resources requirement, and high switching 

frequency capability. New Wide Band Gap semiconductor devices allow to increase 

switching frequency to reduce the size of the converter. Design validation through in-the-

loop methodologies verify that algorithms are ready for chip deployment identifying 

design flaws early through its development. In this work, the control algorithm for a 

bidirectional DC-DC converter employing WBG devices at EV power ratings is 

implemented. Step-up and step-down modes of operation in a cascaded bidirectional 

topology are analyzed with input voltage of 400 VDC, 13kW power rating, 500 kHz 

switching frequency and FPGA-in-the-loop (FIL) validation. FIL methodology proved a 

cost-effective approach to verify that control algorithms are capable for hardware 

deployment without the need for expensive hardware setups. 
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1. INTRODUCTION

Transportation systems are powered almost entirely by 

petroleum-derived fuels [1]. Exhaust emissions from fossil-

fuel-powered vehicles are a source of Green House Gasses 

(GHG) and toxic pollutants which contribute to climate 

change and low air quality in urban areas [2, 3]. Electric 

vehicles present an alternative to fossil-fuel-powered vehicles, 

but their high prices prevent them from mass market adoption 

[4]. Therefore, the development of low-cost, efficient power 

electronics is necessary to achieve full Transportation 

Electrification. In electric vehicles, the battery provides charge 

to the propulsion motor and low power loads. During braking, 

kinetic energy from the motor can be used to recharge the 

battery. Then, bidirectional DC-DC converters are required to 

handle the flow of power in both directions. Different 

approaches have been proposed to improve efficiency and 

power density while decreasing the cost of converters: circuit 

topology design, semiconductor material and control 

methodology. The circuit topology is designed based on the 

intended application within the EV. Isolated topologies are 

required for charging while propulsion and DC-link work 

without it [5]. Multilevel topologies reduce the current ripple 

and voltage stress which allows using low power components 

[6]. Low parts count is a desired feature to reduce cost and 

increase power density [7]. Hybrid Energy Storage systems 

include additional sources of energy asides from the battery 

such as Ultra-Capacitors (UC) or Photovoltaic Panels (PV), 

each one requiring a dedicated power converter. Then, multi-

input/output converters are designed to avoid including 

additional converters [8, 9]. All previous designs considered 

Silicon (Si) power switches for experimental validation. Si 

devices are a mature technology that has reached development 

limits due to intrinsic material properties. New power switches 

developed from Wide Band Gap (WBG) materials present 

higher switching frequency and power capabilities [10]. 

Silicon Carbide (SiC) and Gallium Nitride (GaN) are 

examples of WBG materials. Higher switching frequencies 

allowed for reduce the size of components [6, 11-13]. 

Control methods for power converters aim to improve 

efficiency by reducing large transients and voltage overshoots. 

Different methods have been proposed for converter control: 

Proportional-Integral-Derivative (PID), Model Predictive 

Control (MPC), and Sliding Mode Control (SMC), among 

others [14]. For instance, in a multilevel converter [9], three PI 

controllers regulate the duty cycles of ten power switches. 

Control design was based on bandwidth and stability margins. 

An adaptive voltage scaling (AVS) control was implemented 

in [15] for a buck converter. Coarse and fine scaling were used 

to increase the speed of the converter.  

FPGAs have become more popular than traditional digital 

signal processing units due to their greater flexibility and 
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parallel processing capabilities for various applications [16-

18]. Validation of the control design can be accomplished 

through FPGA-in-the-loop (FIL) methods. Then, the FIL 

approach allows to accelerate the design procedure by 

ensuring proper deployment on an actual chip [19]. PID and 

Generalized Proportional Integral (GPI) controllers were 

FPGA-implemented for a basic buck topology in the study 

[20]. GPI showed faster settling times compared to PID and, 

without voltage overshoot. Reference [21] proposed a fast 

MPC for a buck converter. The algorithm obtained faster 

settling times without voltage overshoot when compared to 

PID control. Real-time validation of the control method was 

implemented with an FPGA. However, the proposed buck 

converter uses an elementary topology with a low-voltage 

low-power design. Dual-Active-Bridge (DAB) is a popular 

topology due to its capability for isolation, bidirectional power 

flow and efficiency. It consists of two H-bridges linked by a 

transformer. Power flow is generated by a Phase Shift (PS) 

between the input and output bridges. Proportional Integral (PI) 

was used to estimate the required number of PS between the 

bridges and, implemented for 5 DAB converters with a single 

FPGA [22]. A bidirectional converter control was designed for 

an EV application in the [23]. The converter interfaced 

between the high-voltage battery and the motor. Ziegler-

Nichols rules for PI tunning were applied. The control design 

was validated with FIL methodology. 

From the approaches reviewed above and from a 

comprehensive review about bidirectional DC-DC converters 

with specific applications in EVs [24], DC-DC converters 

have been implemented either at low power and high 

switching frequency or conversely. Also, buck operating mode 

is the most reviewed at higher switching frequency without 

considering bidirectionality and boost capabilities [25]. 

Therefore, in this work, a bidirectional DC-DC converter with 

PID control and FIL validation for applications in electric 

vehicles is proposed. PID is the most popular control method 

due to its ease of implementation, scalability, and low 

hardware requirements. Then, it has become the benchmark 

methodology for performance comparison. FIL validation will 

ensure that the control design is hardware-deployment-ready. 

Converter design will consider high switching frequencies 

from WBG devices. Then, the contribution of this work is to 

provide a benchmark control design of a bidirectional DC-DC 

converter for applications in electric vehicles that includes 

WBG devices at switching frequencies and power ratings 

higher than those implemented with traditional Si devices, 

while operating in buck and boost modes. Additionally, FIL 

validation in a low-resource FPGA ensures the algorithm 

provides a cost-effective solution to advance vehicle 

electrification. The rest of the paper is divided as follows: 

Section 2 presents the design of the bidirectional converter, 

Section 3 details the control design, Section 4 shows the FIL 

implementation and section 5 concludes the research. 

 

 

2. CONVERTER DESIGN 

 

Figure 1 shows the selected bidirectional converter circuit 

topology for this work. This topology was selected because it 

has voltage overlapping with half-bridges to reduce voltage 

stress in components, it has interleaving capabilities and, full 

bidirectional power flow in buck-boost mode can be achieved 

[26]. Also, it has been proposed to interface between the 

battery and the motor in EV powertrains [27]. 

 
 

Figure 1. Bidirectional Converter circuit topology with two 

half-bridges and inductor in the middle [14, 26, 27] 

 

For the given topology, four modes of operation can be 

obtained according to the status of the power switches. Table 

1 shows the operating mode and the switch status for each 

mode. Buck and boost operation in forward and reverse modes 

can be achieved. In forward mode, power flows from the 

battery to the motor. In reverse mode, regenerative braking 

provides power from the motor to the battery. Next, the 

converter design in buck and boost modes is presented. Only 

forward operation is considered since the reverse operation is 

symmetrical and the same analysis applies. 

 

Table 1. Operating modes of bidirectional converter 

 
Mode Direction S1 S2 S3 S4 

Buck Forward S 0 0 0 

Boost Forward 1 S 0 0 

Buck Reverse 0 0 S 0 

Boost Reverse 0 0 1 S 
Notes: 1-switch on, 0-switch off, S-switching. 

 

2.1 Buck mode 

 

According to Table 1, buck operation in the forward 

direction requires S1 as the switching device while all the 

other switches are turned off. Figure 2 shows the power flow 

direction while S1 is switching. When S1 is on, (Figure 2a), 

the battery provides power to the inductor L and load. When 

S1 turns off, (Figure 2b), the antiparallel diode of S4 is forward 

biased and the inductor provides energy to the load. 

This mode of operation results in the fundamental buck 

topology which, can be designed according to the procedure in 

the [28]. For continuous conduction mode (CCM), the 

minimum inductor and capacitor values are given by: 

 

𝐿𝑚𝑖𝑛 =
𝑅𝐿(1−𝐷𝑚𝑖𝑛)

2𝑓𝑠
  (1) 

 

𝐶𝑚𝑖𝑛 =
𝐷𝑚𝑎𝑥

2𝑓𝑠𝑟𝑐
  (2) 

 

where, 𝐷𝑚𝑖𝑛 and 𝐷𝑚𝑎𝑥 are the minimum and maximum duty 

cycles, 𝑓𝑠 is the switching frequency, 𝑅𝐿is the load resistance 

and 𝑟𝑐  is the equivalent series resistance of the output filter 

capacitor. The well-known DC static voltage gain for the buck 

converter is: 

 
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
= 𝐷  (3) 
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(a) Switch S1 on 

 
(b) Switch S1 off 

 

Figure 2. Buck mode of operation 

 

2.2 Boost mode 

 

For the boost mode of operation, Figure 3 shows the power 

flow during the switching of S2. According to Table 1, S1 is 

on, while S3 and S4 remain off all the time. When S2 is on, 

Figure 3a, the battery charges the inductor L while the output 

capacitor 𝐶2  provides energy to the load. When S2 is off, 

Figure 3b, the battery provides energy to both the inductor and 

the load. 

 

 
(a) Switch S2 on 

 
(b) Switch S2 off 

 

Figure 3. Boost mode of operation 

 

Again, the circuit becomes the fundamental boost topology 

which can be designed with the procedure in the study [28]. 

The minimum inductor L and output filter capacitor 𝐶2 values 

for CCM are given by: 

 

𝐿𝑚𝑖𝑛 =
2

27

𝑅𝐿

𝑓𝑠
  (4) 

𝐶𝑚𝑖𝑛 =
𝐷𝑚𝑎𝑥𝑉𝑜𝑢𝑡

𝑓𝑠𝑅𝐿𝑉𝐶𝑝𝑝
  (5) 

 

where, 𝑉𝐶𝑝𝑝 is the maximum peak-to-peak value of the voltage 

across the output filter capacitance 𝐶2. The DC static voltage 

gain for the boost converter: 

 
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

1

(1−𝐷)
  (6) 

 

2.3 Component selection 

 

With Eqs. (1) through (4), the minimum values for the 

passive components in buck and boost modes were calculated. 

It can be observed how the value of the switching frequency 

𝑓𝑠 is inversely proportional to all the component values. Then, 

higher switching frequency results in smaller passive 

components thus reducing the overall size of the converter. 

The value of the switching frequency 𝑓𝑠 = 500 𝑘𝐻𝑧  is 

selected from the existing WBG devices already available that 

are EV capable, specifically, the IMZ120R045M1 SiC 

MOSFET's [29]. Since the converter is required to work in 

buck and boost modes, the minimum values that met the 

specifications for both sections were selected. Table 2 shows 

the parameter values for the components of the bidirectional 

DC-DC converter. A high switching frequency was selected to 

take into consideration the higher operating frequencies of 

WBG devices. Also, the operating power of 13 kW is within 

the SAE J1772 AC Level 2 and DC Level 1 for EV charging 

levels [30]. 

 

Table 2. Bidirectional DC-DC Converter parameters 

 
Parameter Value 

𝑅𝐿 13Ω 

L 10𝜇𝐻 

𝐶1,2 20𝜇𝐹 

𝑉𝑖𝑛 400 

𝑉𝑜𝑢𝑡 200-750VDC 

𝑓
𝑠
 500kHz 

P 13kW 

 

 

3. CONTROL DESIGN 
 

3.1 Open-loop analysis 

 

DC-DC power converters are nonlinear time-variant 

systems. Conventional control techniques are intended for 

Linear Time-Invariant (LTI) systems. Then, to apply these 

techniques to power converters, simplified models can be 

developed. The procedure involves deriving a nonlinear 

average model that captures the general dynamics of the 

system. Next, linearization under small-signal excitation is 

obtained. Finally, conversion into the s-domain results in the 

power stage transfer functions [31]. The transfer function of 

an LTI system is the ratio of its output to its input in the s-

domain. Conventional control designs such as root-locus, 

frequency-response or PID can be implemented once the 

transfer function of the small-signal model system has been 

obtained [32]. The small-signal transfer function of control-to-

output for the buck and boost converters are [31]: 

 

𝐺𝑣𝑑𝐵𝑢𝑐𝑘 =
𝑣(𝑠)

𝑑(𝑠)
= 𝑉𝑖𝑛

1

1+
𝐿

𝑅
𝑠+𝐿𝐶𝑠2 

  (7) 
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𝐺𝑣𝑑𝐵𝑜𝑜𝑠𝑡 =
𝑉𝑖𝑛

(1−𝐷)

1−
𝐿𝑠

𝑅(1−𝐷)2

1+
𝐿

𝑅(1−𝐷)2𝑠+
𝐿𝐶

(1−𝐷)2𝑠2 
  (8) 

 

where, 𝐷  is the duty cycle, and 𝐿, 𝑅, 𝐶  are the values from 

Table 2. The open-loop response to a step input for the buck 

converter with 𝐷 = 0.5 is shown in the top chart of Figure 4. 

A large initial overshot with a peak voltage of 367 VDC is 

observed. Under damped response with a settling time of 

0.397𝑚𝑠 is also observed. Also in the figure, the middle chart 

is the bode diagram and the lower section is the root locus. 

 

 
 

Figure 4. (Top) step response, (middle) bode diagram and 

(bottom) root locus for buck converter with 𝐷 = 0.5 

 

 
 

Figure 5. (Top) step response, (middle) bode diagram and 

(bottom) root locus for boost converter with 𝐷 = 0.428 

 

Figure 5 shows the open-loop step response for the Boost 

converter with the parameters from Table 2 and 𝐷 = 0.428. 

The voltage overshot reaches a peak voltage of 1220 VDC 

with an under-damp response and a settling time of 1.02𝑚𝑠. 

The Right Half Plane (RHP) zero from the transfer function 

can be observed in the lower chart of the figure. Its effect is 

shown in the large drop in the system phase, which fails to 

reach a steady value. Then, the boost converter is considered a 

non-minimum phase system. 

 

3.2 Closed-Loop analysis 

 

PID is the elementary control method and is defined by [32]: 

 

𝐺𝑃𝐼𝐷 =
𝑈(𝑠)

𝐸(𝑠)
= 𝐾𝑝(1 +

1

𝑇𝑖𝑠
+ 𝑇𝑑𝑠)  (9) 

 

where, 𝑈(𝑠)  is the output of the controller, 𝐸(𝑠)  is the 

difference between the desired and the actual output, 𝐾𝑝 ,  𝑇𝑖, 

and 𝑇𝑑 are the proportional gain, integral time, and derivative 

time, respectively. The block diagram of the closed-loop 

control with PID is shown in Figure 6. For the system in the 

figure, the transfer function is defined, 

 
𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑟𝑒𝑓(𝑠)
=

𝐺𝑃𝐼𝐷𝐺𝑣𝑑

1+𝐺𝑃𝐼𝐷𝐺𝑣𝑑
  (10) 

 

 

 

 
 

Figure 6. Block diagram of closed-loop PID control 

 

The objective of PID design is to compensate the output of 

the converter transfer function to obtain the desired dynamic 

response. Different approaches have been proposed for this 

objective: Zielger-Nichols method [23], polynomial fitting [20] 

and software algorithms [33]. The advantage of the last 

approach is the ability to easily compare multiple scenarios to 

select the optimal control. For this work, frequency analysis 

and pole-zero adjustment with software algorithms are 

implemented for PID tuning. By adjusting the crossover 

frequency of the system, its transient response can be regulated. 

Also, the pole-zero of the 𝐺𝑃𝐼𝐷 can be set to adjust the location 

of initial 𝐺𝑣𝑑. Figure 7 shows the PID compensated output of 

the system compared with the initial output of the buck 

converter. The resultant PID and transfer function are: 

 

𝑃𝐼𝐷𝐵𝑢𝑐𝑘 = 0.000397 + 17.4 ∗
1

𝑠
+ 2.26 ∗ 10−9𝑠  (11) 

 

𝐺𝐵𝑢𝑐𝑘 =
9.038∗10−5𝑠2+15.88𝑠+6.972∗105

2∗10−10𝑠3+1.99∗10−6𝑠2+1.079𝑠+3486
  (12) 

 

From the step response, it can be observed that the peak 

voltage overshoot has been eliminated and the settling time is 

now 1.2𝑚𝑠. Also, the oscillatory behaviour of the converter 

has been greatly reduced.  

The PID and closed-loop transfer function for the Boost 

converter are, 
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𝑃𝐼𝐷𝐵𝑜𝑜𝑠𝑡 = 0.000113 + 4.28 ∗
1

𝑠
+ 7.48 ∗ 10−10𝑠  (13) 

  

𝐺𝐵𝑜𝑜𝑠𝑡 =
−1.7∗10−9𝑠3+10−4𝑠2+45.5𝑠+2∗106

6∗10−10𝑠3+5∗10−6𝑠2+1.1𝑠+2995
  (14) 

 

 
 

Figure 7. (Top) step response, (middle) bode diagram and 

(bottom) root locus for buck converter with 𝐷 = 0.5 

 

 
 

Figure 8. (Top) step response, (middle) bode diagram and 

(bottom) root locus for boost converter with 𝐷 = 0.428 

 

Figure 8 shows the step, bode and pole-zero responses of 

the close-loop boost converter compared to the initial output. 

The overshoot has been completely eliminated. However, the 

settling time has increased to 1.36𝑚𝑠. Also from the figure, 

the frequency response shows how the PID compensation 

allowed the converter to reach a minimum phase. Still, a zero 

in the RHP remains which prevents the system from reaching 

faster transient responses. 

Table 3 and Table 4 summarize the rise time, settling time, 

overshoot, gain margin and phase margin obtained from four 

possible PID scenarios for buck and boost operating modes, 

respectively. Each scenario was obtained by modifying the 

crossover frequency of the system. This results in different 

values for the 𝐾𝑝 , 𝑇𝑖, and 𝑇𝑑 parameters from Eq. (9). The top 

and middle sections of Figures 7 and 8 show that changing the 

frequency response of the system also changes its transient 

response. Smaller rise and settling times result in faster 

transient response but also tend to have voltage overshoot. 

Scenario PID3 presents the fastest transient response with a 

high phase margin. However, the slower scenario PID4 

presents the highest phase margin without overshoot.  

 

Table 3. Comparison of PID tuning - buck operating mode 

 
Parameter PID1 PID2 PID3 PID4 

Rise Time (s) 4.4
∗ 10−6 

0.00016 9.7
∗ 10−7 

8
∗ 10−6 

Settling Time (s) 7.1
∗ 10−6 

0.00034 8 ∗ 10−6 0.0025 

Overshoot (%) 13.2 0 7.63 0 

Gain Margin (dB) Inf Inf Inf Inf 

Phase Margin 

(deg) 

69.8 49.3 83.4 89.4 

 

Table 4. Comparison of PID tuning - boost operating mode 

 
Parameter PID1 PID2 PID3 PID4 

Rise Time (s) 0.0008 0.0002 0.0023 0.00015 

Settling Time (s) 0.00139 0.00067 0.00411 0.00063 

Overshoot (%) 0 1 0 4 

Gain Margin (dB) 11.1 26.7 18.1 24.1 

Phase Margin (deg) 92.9 29.8 90 24.2 

 

 
 

Figure 9. Step response of initial buck converter design (blue 

line) and after PID tuning (PID1,2,3,4) 

 

 
 

Figure 10. Step response of initial boost converter design 

(blue line) and after PID tuning (PID1,2,3,4) 
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For ease of comparison, the step response of the four 

scenarios in the buck operating mode are displayed in Figure 

9. The open loop step response of the buck converter is also 

shown (dashed blue line). All the scenarios are stable with high 

gain and phase margins. For the boost operating mode, 

scenarios 2 & 4 show the fastest transient responses. However, 

with voltage overshoot. Scenarios 1 & 3 have slower transients 

but high phase margin and zero overshot. Figure 10 shows the 

open loop step response of the boost converter (dashed blue 

line) and the four closed loop scenarios from the table. 

 

 

4. SIMULATIONS AND EXPERIMENTS DESIGN 

 

The bidirectional circuit topology and PID control from the 

previous sections were simulated in Matlab/Simulink. The top 

section of Figure 11 shows the block diagram of the 

bidirectional converter in a closed loop with the PID 

controllers for the buck and boost modes. Also, the necessary 

control signals to select the four modes of operation are 

included. The middle section of Figure 11 shows the circuit 

topology implemented with Simscape. To include WBG 

features into the simulations, IMZ120R045M1 SiC 

MOSFET's were used for the implementation with PWM 

switching frequency set at 500 kHz [29]. Individual drivers 

and PWM modulators were configured for each power switch. 

The bottom section of Figure 11 presents the PID control 

modules for the buck and boost modes of operation. Scenarios 

PID4 and PID1 from Tables 3 & 4 were selected for the buck 

and boost modes, respectively. The fixed-point conversion 

was performed to prepare the control blocks for FIL validation.  

 

 
(a) Block diagram in Simulink 

 
(b) Circuit topology in Simscape (dashed square top figure) 

 
(c) Control block for FIL simulation 

 

Figure 11. Bidirectional converter in closed-loop with PID 

 

Figure 12 shows the simulation results for bidirectional 

operation in buck and boost modes. Step-up and step-down 

modes of operation can be observed in the forward direction. 

Then, at time 10 ms, buck and boost operation in the reverse 

direction is observed: Current direction, input and output 

voltage are reversed. The rise and settling times and voltage 

overshoot for the four modes of operation are summarized in 

Table 5 for the buck mode and Table 6 for the boost mode.  

 

 
 

Figure 12. PID control of bidirectional converter in boost 

and buck modes 

 

Table 5. Summary of FPGA-in-the-loop control 

performance-Buck operating mode 

 
Parameter Forward Reverse 

Rise Time (s) 3.1
∗ 10−4 

3.2
∗ 10−4 

2.3
∗ 10−4 

3.7
∗ 10−4 

Settling Time 

(s) 

9.5
∗ 10−4 

7 ∗ 10−4 1.2
∗ 10−3 

1.1
∗ 10−3 

Vref (V) 200 300 300 200 

Peak (V) 207.3 299.8 203 187 

Overshoot (%) 3.65 0 48.5 13 

Δ𝑉 200 100 200 100 

 

Table 6. Summary of FPGA-in-the-loop control 

performance-Boost operating mode 

 
Parameter Forward Reverse 

Rise Time (s) 
3.6

∗ 10−5 
8 ∗ 10−4 4 ∗ 10−5 7 ∗ 10−4 

Settling Time 

(s) 

1.6
∗ 10−3 

1.5
∗ 10−3 

4.2
∗ 10−4 

1.1
∗ 10−3 

Vref (V) 500 600 600 500 

Peak (V) 498 599 652 500.5 

Overshoot (%) 0 0 26 0 

Δ𝑉 200 100 200 100 

 

4.1 FPGA-in-the-loop (FIL) 

 

For FIL validation, HDL code was generated following the 

procedure in the study [34]. Then, an interface was created to 

communicate between the simulation and the FPGA [35]. The 

PID control blocks shown in the top and bottom sections of 

Figure 11 were replaced by the FIL interface. Figure 13 shows 

the laboratory setup with the computer simulation interfacing 

with the PID implemented in the FPGA. A Xilinx Artix-7 

(XC7A35T-1CPG236C) device was used for this work. Figure 

14 shows the simulation results with the FIL setup. To validate 

the FIL simulation, Figure 15 shows the absolute percentage 

difference between the CPU simulation only and the FGPA-

in-the-loop approach. For both cases, the DC-DC converter is 

simulated with double-precision floating-point 64-bit word 

data type while the data for the control block is converted to 

fixed-point data type. The lower section of Figure 11 shows 

the different types of data used within the block, i.e., 

sfix32_En23 stands for signed fixed-point with word length of 
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32 bits and fraction length of 23 bits. The data can be signed 

𝑠, or unsigned 𝑢. It can be observed in Figure 15 that at any 

given time, the maximum absolute difference is less than 0.3%. 

Also from the figure, it can be validated that the parameters 

from Tables 5 and 6 also hold for the FIL setup. 

From Table 5, the settling time measured in the buck 

forward mode of operation is in the order of fractions of 

milliseconds with almost zero overshoot. Higher switching 

frequencies have been linked to faster transient responses [24]. 

Table 6 shows that the settling time in the boost forward mode 

of operation is slightly larger than in the boost mode: a slower 

system response ensured stable operation of the system. The 

lower section of Figure 14 shows the current of the converter 

in the desired CCM during forward (positive) and reverse 

(negative) operation. Future work will focus on reducing the 

large overshoot observed when transitioning from boost mode 

to buck mode in reverse mode of operation. 

Reference [20] reports settling times in the order of 10−3 s 

for a buck converter with FIL, input voltage of 24 VDC and 

switching frequency of 48 kHz. Similarly, Liu et al. [21] report 

an FPGA-MPC control for a buck converter with 12 VDC 

input voltage and settling times also in the order of 10−3 s. In 

the study [22], PI was FPGA implemented for a DAB 

converter with 1.1kV voltage rating and switching frequency 

also in the kHz range. PI control for a bidirectional boost-buck 

converter is FPGA implemented in the study [23] with 20kHz 

switching frequency and input/output voltage of 288/450 VDC. 

Therefore, the contribution of this work is to present the design 

and FPGA-in-the-loop validation of a PID control algorithm 

for a bidirectional converter with four modes of operation, 400 

VDC input voltage and 500 kHz switching frequency. Then, 

providing WBG device capability and FIL validation at 

voltage rating levels of EV applications. 

 

 
 

Figure 13. Laboratory setup for FIL bidirectional converter 

control validation 

 
 

Figure 14. FIL bidirectional converter and control validation 

 

 
 

Figure 15. Absolute difference (in percentage) between the 

simulation with CPU only and FIL simulation 

 

 

5. CONCLUSIONS 

 

In this work, a bidirectional converter with voltage 

overlapping and buck-boost operation has been designed. 

Electric vehicle ratings were used for component design with 

an input voltage of 400 VDC, an output voltage of 200 VDC 

up to 750 VDC and power rating of 13 kW which is within the 

SAE J1772 AC Level 2 and DC Level 1 for EV charging levels. 

The wide output voltage range is a desired feature in 

converters that interface between the battery and the 

propulsion motor. WBG devices were taken into account for 

the design with a switching frequency of 500 kHz, not being 

possible for Si devices. Passive component’s dimensions in a 

DC-DC converter are inversely proportional to the switching 

frequency; then, by increasing the switching frequency above 

the levels allowed by traditional Si devices, reduction in the 

size of the components was achieved. Independent PID control 

was implemented in buck and boost modes of operation with 

power flowing in forward and reverse modes. The control 

algorithm was validated through FIL methodology which is an 

efficient procedure to accelerate algorithm development by 

bringing the design a step closer to product manufacturing. 

Traditional Hardware-in-the-Loop (HIL) validation requires 

expensive devices to simulate in real-time the plant model 

while the control algorithm is allocated in a DSP or 

microcontroller. The FIL methodology applied ensures the 

algorithm is hardware-validated in a closed loop with a high-

fidelity model of the plant running in the computer. Then, FIL 

is a cost-effective approach for control algorithms validation. 

PID is the benchmark control for industrial applications of 

power converters. Then, this design will serve as a baseline for 

comparison of the real effectiveness of other existing methods 

in the literature. 
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