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This research investigates the modeling and analysis of a three-phase boost
rectifier for DC fast charging systems for electric vehicles (EVS).
A mathematical model validated with MATLAB/Simulink simulations
examines system behavior under various conditions. Performance analysis in
the abc and dqg coordinate systems reveals high consistency with theoretical
calculations. The average voltage in the dq frame was found to be vq was
685 V and vq was 0 V, with a discrepancy of less than 0.1% from calculated
values. However, the average current in the dg frame showed discrepancies
due to cross-coupling effects and circuit impedance. Simulations reported
igwas 211.50 A and iqgwas 93.50 A, compared to calculated values of iq was
151.97 A and iq was 0 V. For the output DC voltage and current, the average
values were 983.05 V and 98.31 A, respectively. Three test cases were
analyzed, consist of unbalanced three-phase conditions, voltage drops, and
load step responses. Case 1 showed the highest total harmonic distortion

(THD), Case 2 increased THD further, and Case 3 achieved the lowest THD,
demonstrating improved stability under dynamic loads. These findings
confirm the system’s minimal deviations from theoretical predictions,
enhanced voltage quality, harmonic mitigation, and improved charging
efficiency for EV fast charging applications.
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1. INTRODUCTION

Currently, electric vehicles (EVs) are becoming increasingly popular as a crucial solution for cutting
greenhouse gas emissions and reducing reliance on fossil fuels. However, charging EVs quickly and
efficiently remains a significant limitation. DC fast charging, a technology designed to minimize charging
time, has been developed to meet user demands, particularly for long-distance travel at public charging
stations and highway charging points. This technology operates with voltage levels ranging from 400 to
900 V, current between 100 and 200 A or higher, and power levels from 50 to 350 kW or more, depending on
the characteristics of the charging station. It typically takes only 20 to 60 minutes to charge the battery to an
80% state of charge (SOC) [1], [2]. Although DC fast charging technology addresses usability needs,
integrating charging systems with the power grid still faces challenges related to power system instability.
Issues such as harmonics, which distort the electrical waveforms, and voltage sag, which reduces voltage
levels, can affect grid stability and the efficiency of EV battery charging [3]-[8]. Additionally, the high
electrical loads from charging stations may pose challenges to the power grid, particularly in energy
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distribution and system reliability, as noted in previous studies [9]-[11]. The mathematical modeling of three-
phase AC to DC conversion, a critical component of DC fast charging systems, is essential for analyzing
system behavior. Designing models that accurately reflect real system behavior, such as non-linear
characteristics [12]-[14], dynamic responses [15]-[17], and the impacts of large electrical loads, is a complex
and challenging task [18], [19]. This research focuses on developing a mathematical model and analyzing
three-phase AC to DC conversion for fast charging systems using MATLAB/Simulink simulation [20], [21].
The aim is to accurately reflect system behavior and analyze factors affecting system stability and efficiency,
such as mitigating harmonic impacts, maintaining voltage quality, and enhancing charging efficiency. This
study aims to contribute to the development of stable, reliable, and efficient charging systems that can meet
increasing future demands.

2. MATHEMATICAL MODEL

This section presents the mathematical model, including the average model of a three-phase boost
rectifier, switching circuit, and control system. It outlines the formulations, assumptions, and analyzes the
relationships between circuit parameters, system behavior, and control objectives.

2.1. Average model of three-phase boost rectifier

The boost rectifier's average model is formulated using the averaging equivalent circuit method.
This approach yields a time-invariant model applicable at frequencies significantly lower than the switching
frequency. As illustrated in Figure 1, the average large-signal model replaces the six switches in the power
stage with three controlled voltage sources and one controlled current source, while the output stage of the
power converter remains unchanged. The controlled voltage and current sources in the averaged model are
defined as in (1) and (2).
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Find the steady-state operating point of the circuit in Figure 2 following as (7)-(9).
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2.2. Switching circuit and control

Figure 3 illustrates the regulation of the inverter's output voltage to align with the grid voltage in
terms of amplitude, phase, and frequency, achieved through feedback from the three-phase grid voltages. The
inductance values of La, Ly, and L¢ are 10 pH, with the corresponding currents and DC link voltage at the
input. It is important to highlight that the DC link voltage within the feedback loop is determined after
transforming the currents into the d-axis and g-axis components. The synchronous reference frame (SRF)
controller utilizes Park’s transformation to regulate the inverter’s current by computing the dq components
for the phase-locked loop (PLL) module, ensuring synchronization with the grid voltage. Consider a vector in
the abc coordinate system, where the angles between phases a and b, b and c, and ¢ and a are each
120 degrees.
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Figure 3. PI control structure for switching model
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Then, from [22] and [23], the (10) is defined. The first case simulates the response of the supply
during an unbalanced three-phase condition [24], [25].

X=x,-a+x,-b+x.-¢ (10)

Where X,., (for x = a, b, ¢) are projections of the vector X in the directions a, b and c respectively. Also, in
the a8 coordinate system, we have the vector X given as (11).

X=x,-a+x-p (11)

Where x,and x are projections of the x vector in direction of « and 3, respectively. The relation between a3 and
abc is gotten as demonstrated below. The projection of vector x in the a-direction, x,, is given by (12) and (13).

Xy =X-0a (12)
_ Xa=Xb _ Xc

Xa = 2 Py (13)

Also, xg projection of x vector in the direction of 4 is given by (14) and (15).

xg =% f (14)

B
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Thus, as (16) and as in (17).
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The calculation for the dg axis corresponding to the specified controller is presented in (19) and (20) [21].
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3. RESULTS AND DISCUSSION
Boost rectifier circuit converts a 380 V.. three-phase AC voltage to a 1 kV, DC voltage for electric

vehicle charging applications, with parameters shown in Table 1. The parameters input resistance and DC-
bus voltage are referenced from actual values in [21] and [22].
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3.1. Simulation of the average model circuit

The comparison with the calculations based on (1)-(7) is presented below. The simulation results are
compared with the theoretical values to assess the model's accuracy. The contribution of each equation to the
analysis is discussed, along with any discrepancies that may arise.

Figure 4 shows the input power supply between voltage and current in both the abc and dq
coordinates. As shown in Figures 4(a) and 4(b), the three-phase voltage waveform has a V.. of 380 V and a
phase shift of 30. The voltage waveform is transformed into the dqg coordinate system, where the average
voltage vq is 658 V and vq is 0 V. Comparing the simulation results with the calculations, vq is 658.18 V and vy
is 0 V, which shows a high level of consistency with a discrepancy of less than 0.1%. Figures 4(c) and 4(d)
show the three-phase current waveform with a value of 125 A and the current waveform transformed into the
dg coordinates, where the average current iq is 211.5 A and iq is 93.5 A. Comparing the simulation results with
the calculations, iq is 151.97 A and iq is 0 A. Discrepancy is due to the program using real values from cross-
coupling, and the presence of inductance, L, and capacitance, C in the circuit, which leads to this deviation.
Figure 5 shows the simulation results for the output voltage and current. Figures 5(a) and 5(b) show the DC
voltage with an average value of vqc is 983.054 V and the current with an average value of 98.31 A.

Table 1. Parameter

Parameter Volume

The input phase voltage (Vims) 380
The power source frequency (Hz) 50
The input inductance (1LH) 10
The input resistance (2) 0.1
DC-bus capacitor (uF) 100
DC-bus voltage (kV) 1

SPWM control (kHz) 20
Power charging (kW) 100
Adjustment range (%) +5
Charging current (A) 100
Internal resistance battery (2) 10
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Figure 4. Input waveforms in abc and dq coordinates: (a) line-to-line voltage (V.-), (b) dg-axis voltage,
(c) phase currents (ianc), and (d) dg-axis currents
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Figure 5. Output waveforms: (a) voltage (vqc) and (b) current (iq)

3.2. Simulation of results through switching circuit control

This section presents the simulation results through switching circuit control, covering the following
cases: i) unbalanced three-phase conditions, ii) the response of a three-phase AC power supply when the
voltage drops, and iii) the load step response. The details are presented as below.

3.2.1. Case 1: Unbalanced three-phase condition

The voltages are sinusoidal but unbalanced, as indicated by differing amplitudes and phase shifts
between the three waveforms. This imbalance results in variations in peak values and phase shifts, deviating
from an ideal balanced system. If left unaddressed, it may cause harmonic distortion, reduced efficiency, and
operational issues. Figure 6 shows the simulation results for the unbalanced three-phase condition.

Figures 6(a) and 6(b) display the results of the unbalanced three-phase from 0.228 s to 0.308 s,
where the voltage between phases is 380 V and the DC output voltage is 995.95 V, resulting in a ripple
voltage of 18.10 V, respectively. Figures 6(c) and 6(d) show the results of the unbalanced three-phase with
phase current during the time period from 0.228 s to 0.308 s, where the DC output current is 102.37 A,
resulting in a ripple current of 7.25 A, respectively. From the waveform, it can be seen that the feedback
control system is able to maintain stable voltage and current levels. Figure 7 shows the values of THD, and
THD; at the input. Figures 7(a) and 7(b) display the THD values of voltage va,, which is 0.34%, and current
ia, which is 1.88%, respectively. Figures 7(c) and 7(d) show the THD values of voltage vy, which is 4.38%,
and current ip, which is 9.38%, respectively. Figures 7(e) and 7(f) show the THD values of voltage vca, Which
is 4.34%, and current ic, which is 10.06%, respectively. From the data in Figures 6 and 7, it can be seen that
even though there is an unbalanced three-phase condition, the system can still control and maintain stability,
with THD values that are acceptable in some phases, while other phases show higher THD values, but still
within a range that does not cause electrical quality issues.
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Figure 6. Waveforms under unbalanced three-phase conditions: (a) line-to-line voltage,
(b) output voltage (vac), (€) input phase current (ianc), and (d) output current (igc)
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Figure 7. THD, and THD; results under unbalanced three-phase conditions: (a) Vab, (b) ia, (C) Voc, (d) ib,
() Vea, and (f) ic

3.2.2. Case 2: The response of a three-phase AC power supply when the voltage drops

Simulates the response of a three-phase AC power supply when the voltage drops from its value of
100% to 80%. During the transient period, the waveforms of the voltage drop across the load and the current
flowing through the load are presented. The simulation captures the dynamic behavior of the system,
showing how the voltage sag affects the load, potentially causing fluctuations in the current. This transient
response can lead to instability in sensitive equipment, and the effects on power quality are also observed,
with potential implications for system reliability and efficiency.

Figure 8 shows the simulation results for the voltage drop condition. Figures 8(a) and 8(b) display the
results of the voltage drop during the period from 0.228 s to 0.308 s, where the voltage between the 380 V line
and the output DC voltage is 981.45 V, resulting in a voltage ripple of 32.55 V, respectively. Figures 8(c) and
8(d) show the results of the voltage drop for the phase current during the same period, with the output DC
current being 98.10 A, resulting in a current ripple of 6.40 A, respectively. From the waveform, the feedback
control system can maintain stable voltage and current levels. Figure 9 shows the values of THD for voltage and
current on the input side. Figures 9(a) and 9(b) show the THD of the voltage va,, which is 6.50%, and the
current ia, which is 8.40%, respectively. Figures 9(c) and 9(d) show the THD of the voltage vic, Which is 8.28%,
and the current iy, which is 8.90%, respectively. Figures 9(e) and 9(f) show the THD of the voltage vca, Which is
6.47%, and the current ic, which is 8.73%, respectively. The overall simulation results demonstrate the stability
of the electrical system under conditions of voltage drop and THD. The feedback control system performs well
in maintaining the stability of voltage and current even during periods of voltage reduction or high distortion.
Monitoring the THD values is an important indicator for evaluating the performance of the electrical system, as
a low THD value contributes to improved efficiency and reliability of the system.
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3.2.3. Case 3: The load step response

The simulation models the circuit’s response to a sudden change in load, specifically a step response
where the load decreases from 100% of its full load value to just 10%. This simulation focuses on capturing
the transient behavior that occurs when the load is abruptly reduced, resulting in an immediate shift in the
system's operating conditions. As the load decreases, the voltage and current waveforms adjust in real-time to
meet the new load demand. This scenario is particularly useful for assessing the system’s ability to recover
and stabilize after such a drastic reduction in load. The simulation records key dynamic parameters, such as
overshoot, settling, and any fluctuations in the output that may occur as the system compensates for the load
change. These metrics are critical for evaluating the system's performance during transient events.
Additionally, the impact on system performance is thoroughly analyzed, with a focus on aspects like changes
in efficiency, power quality, and the potential for voltage or current spikes during the transition. This helps
identify potential risks to the system's stability, such as power quality degradation, overvoltage, or
overcurrent conditions that may arise from the load change. The analysis of these factors provides valuable
insights into how well the system can maintain reliable operation under sudden load variations and helps
assess the overall stability and robustness of the system.

Figure 10 shows the simulation results for the load step response condition. In Figures 10(a) and
10(b), the load step response is depicted during the period from 0.228 s to 0.308 s, where the voltage
between the 380 V line and the vqc is 993.75 V, resulting in a ripple voltage of 22.50 V. These figures
clearly illustrate the voltage adjustment as the load changes and the transient behavior that occurs due to
the sudden load reduction. The voltage ripple seen here is an indication of the system's response to the
load step, showing how the system compensates for the load change and stabilizes over time. In Figures
10(c) and 10(d), the load step response for the current in each phase is shown during the same period. The
igc is measured at 109.30 A, resulting in a ripple current of 1.20 A. These figures demonstrate how the
current waveform fluctuates as the load step occurs, with the current ripple indicating transient effects as
the system adjusts to the new load condition. The current waveforms highlight the system’s ability to
manage the load step and stabilize the output, ensuring that the current levels eventually settle within
acceptable limits. The observed voltage and current ripples are crucial for understanding the transient
performance of the system and the effectiveness of the control mechanisms in place. These results also
provide insights into the potential impacts on power quality, as fluctuations in voltage and current could
influence the overall performance and stability of sensitive equipment connected to the system.
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Figure 10. Load step response: (a) line-to-line voltage, (b) output voltage (vac), (C) input phase currents (ianc),
and (d) output current (igc)
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Figure 11 shows the THD of voltage and current at the input. In Figures 11(a) and 11(b), the THD
values for the voltage va, are 0.06%, and for the current i,, it is 2.85%, respectively. Figures 11(c) and 11(d)
show the THD values for the voltage vie, which is 0.06%, and the current in, which is 2.91%, respectively.
Figures 11(e) and 11(f) show the THD values for the voltage vca, Which is 0.06%, and the current ic, which is
2.85%, respectively. The ripple values for both voltage and current during the specified time period may
reflect imperfect changes in the system, but overall, the results from the simulation are considered acceptable,
especially when compared to the low THD values for the measured voltage and current.

From Table 2, when the system is in unbalanced three-phase conditions, it can be observed that the
THD of voltage and current is significantly distorted, especially in the currents of phases b and c. This
demonstrates the impact of system imbalance, which leads to increased harmonic distortion. The voltage drop
causes a clear increase in the THD values of both voltage and current, indicating the inadequacy of the
voltage supply that may affect the system’s performance. The load response shows the least distortion in both

voltage and current, which may be due to the continuously changing load that helps the system maintain
better stability.
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Table 2. Compare the properties of each case
Parameter  Unbalanced three-phase condition ~ Voltage drop  Load step response

Ve (V) 995.95 981.45 993.75
Vrigote (V) 18.10 3255 22.50
ic (A) 102.37 98.10 109.30
irippte (A) 7.25 6.40 1.20
THDVas (%) 0.34 6.50 0.06
THDV (%) 438 8.28 0.06
THDV, (%) 4.34 6.47 0.06
THDi, (%) 1.88 8.40 2.85
THDij (%) 9.36 8.90 291
THDi, (%) 10.06 8.73 2.85

4. CONCLUSION

The analysis of system performance in both the abc and dg coordinate systems demonstrates a
high level of consistency between the simulation and theoretical calculations. The average dg frame
voltage was found to be 658 V for vq and 0 V for vq, with a discrepancy of less than 0.1% from the
calculated values, indicating accurate voltage transformation between reference frames. For the dq frame
currents, the simulation results showed ig at 211.50 A and iq at 93.50 A, while the calculated values were
151.97 A for I and 0 A for Iy The deviation is primarily attributed to cross-coupling effects between the d
and q axes, as well as the influence of inductive and capacitive elements within the circuit. These factors
introduce dynamic interactions that are not fully captured in idealized theoretical models but are evident in
the simulation. The output DC voltage and current were found to be 983.054 V and 98.31 A, respectively,
demonstrating stable operation under nominal conditions. Further analysis of system behavior under three
different scenarios unbalanced three-phase operation, voltage drop, and load step response revealed
variations in total harmonic distortion (THD). The unbalanced condition exhibited the highest THD for
both voltage and current due to phase asymmetry, while the voltage drop scenario further increased THD,
highlighting the system's sensitivity to sudden reductions in supply voltage. Conversely, the load step
response resulted in the lowest THD, indicating the system's ability to maintain stable operation under
dynamic load changes. Overall, the system exhibited minimal deviation from theoretical predictions and
maintained stable voltage and current across different operating conditions. The findings highlight the
importance of incorporating cross-coupling effects and circuit reactance into analytical models to improve
prediction accuracy. Additionally, the results confirm the system's robustness in handling various
operational disturbances while maintaining acceptable performance levels.
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