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Introduction 
Electric vehicle (EV) battery charging systems are classified into three levels based on their power 

consumption and charging time. The level goes higher (1 to 3) as the charger transfers more power and 

charges the battery faster. Details of classification of different levels are shown in the Table 1.  

 

Table 1: Charging power levels [1] 

Level 2 charging is the primary method for both private and public facilities for EV battery charger. 

Single or three phase power supply is used for Level 2. EV battery chargers are also classified as on-

board and off-board with unidirectional or bidirectional power flow.  

The design example is patterned after the first generation Nissan Leaf as there was ample public data 

available to build the model. The Table 2 shows charging characteristics and infrastructure of some 

manufactured Plug-in Hybrid Electric Vehicles (PHEV) and EVs.  

 

Table 2: Charging characteristics and infrastructure of some manufactured PHEVs and EVs [1] 

The example uses level-2 type on-board 3.3 kW battery charger that takes 6 to 8 hours for full charging.  
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EV Battery Charger Design 
The schematic design is shown in Figure 1. 

 

Figure 1: Schematic of Level-2 on-board 3.3kW battery charging system 

The specifications of this design example are shown in Table 3.  

Li-ion Battery 

Total Energy = 24 kWh 

Max. Power >90 kW 

Cell Voltage = 3.75 V 

Capacity (0.3C) = 32.5 Ah 

Number of cells:192 (2 parallel, 96 series) 

DC/DC converter 
(interleaved boost converter) 

Output power = 3.3 kW 

Charging current = 8.3 A 

Charging voltage = 400 V 

System Efficiency ~95% 

Input power quality THDi <6.27% (IEC61000-3-2) 

Table 3: Specifications of Battery charging system 

In this design example, Li-ion 24 kWh 32.5Ah battery is charged from single phase 230 V 50Hz AC 

supply. The AC voltage from electric grid is passed to full bridge diode rectifier to convert AC voltage to 

DC. The rectified AC voltage is converted to 400V DC voltage using interleaved boost converter. Power 

Factor Correction (PFC) controller is used to make the power factor close to unity that further improves 

the input power quality. 

The interleaved boost converter design involves the selection of the inductors, the input and output 

capacitors, the power switches and the output diodes. Both the inductors and the diodes should be 

identical in both channels of an interleaved design. To select these components, it is necessary to know 

the duty cycle range and peak currents. Since, the output power is channeled through two power paths, it 

is advised to start designing the power path components using half of the output power. Basically, the 

design starts with a single boost converter operating at half the power. However, a trade-off exists that 

depends on the goals of the design. The designer may use smaller components since currents are smaller 
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in each phase. Or, larger components may be selected to minimize losses. The power circuit design of 

interleaved boost converter is based on application note provided in LM5032 from Texas Instruments [3].  

 

Inductor selection 

Inductor for interleaved boost converter is selected based on different considerations. The maximum and 

minimum duty cycles are calculated by knowing the maximum and minimum input voltages, the output 

voltage, and the voltage drops across the output diode and switch, as follows. 

 

𝐷𝑚𝑎𝑥 =  
𝑉𝑜𝑢𝑡 + 𝑉𝑑 + 𝑉𝑖𝑛(min)

𝑉𝑜𝑢𝑡 + 𝑉𝑑 − 𝑉(𝑂𝑁)
 

𝐷𝑚𝑖𝑛 =  
𝑉𝑜𝑢𝑡 + 𝑉𝑑 + 𝑉𝑖𝑛(max)

𝑉𝑜𝑢𝑡 + 𝑉𝑑 − 𝑉(𝑂𝑁)
 

Where, VOUT is the output voltage, Vd is the forward voltage drop of the output diode, and V(ON) is the on 

stage voltage of the switching MOSFET. VIN(MAX) is the maximum input voltage, and VIN(MIN) is the 

minimum input voltage. The average inductor current is estimated from the load current and duty cycle as 

follows. 

 
 

𝐼𝐿(𝑎𝑣𝑔) =  
0.5 × 𝐼𝑂𝑈𝑇

1 − 𝐷𝑚𝑎𝑥
 

 

To derive minimum inductance value, assume that the peak inductor current ripple per phase (ΔIL) to be a 

certain percentage of the average inductor current. A good starting value of ΔIL is about 40% of the output 

current, which is 20% of the individual phase current. Inductor ripple will also determine the minimum 

output current for continuous mode operation. Hence, some iterations might be required for deriving this 

parameter. 

𝐼𝑝𝑒𝑎𝑘 =  𝐼𝐿(𝑎𝑣𝑔) +
∆𝐼𝐿

2
 

 

𝐿𝑚𝑖𝑛 =  
(𝑉𝑖𝑛(min) − 𝑉(𝑂𝑁)) × 𝐷𝑚𝑎𝑥

𝑓𝑠 × ∆𝐼𝐿
 

𝐿(𝑐𝑟𝑖𝑡) =  
(𝑉𝑖𝑛(min) − 𝑉(𝑂𝑁)) × 𝐷𝑚𝑎𝑥 × (1 − 𝐷max)

𝑓𝑠 × 𝐼𝑜𝑢𝑡
 

Where,  𝑓𝑠 is the switching frequency. 

 

Output Capacitor Selection 

The output capacitor must be chosen to withstand relatively high ripple current compared to an equivalent 

power buck regulator. The high ripple current flows through the Equivalent Series Resistance (ESR) of 

the capacitor. The normalized RMS ripple current in output capacitor is obtained from the 2 Phase graph 

using maximum duty cycle, as shown in Figure 2.  
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Figure 2: Normalized output capacitor ripple current [3] 

Then, multiply the output current by the value obtained for normalized RMS ripple current to get the 

actual RMS output capacitor ripple. Using the actual ripple, the capacitor can be selected. The capacitance 

necessary to assure a given voltage ripple is derived as follows.  

 

∆𝑉𝑂𝑈𝑇 =
𝐼𝑂𝑈𝑇(max) × (1 − 𝐷𝑚𝑖𝑛)

𝑓𝑠 × 𝐶𝑜𝑢𝑡
+ 𝐼𝑝𝑒𝑎𝑘 × 𝐸𝑆𝑅 

In the above equation, fs is double the frequency of an individual phase as both phases are combined at 

the output capacitor. 

 

PFC Controller 

 

The PFC control circuit is realized using Saber generic parts as shown in Figure 3. Often, simulation 

model for control IC may not be available. In such scenarios, the control behavior is modeled using 

building blocks. The building blocks are designed based on the application note of UCC28070, 

Interleaving Continuous Conduction Mode PFC Controller available from Texas Instrument [4]. 

Additional control features and modes of operation can be introduced in this basic design for further 

scope of expansion.  
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Figure 3: PFC controller circuit 

Li-ion Battery Model 

Characterization of Li-ion battery is done based on the charge and discharge curves from the datasheet of 

AESC 32.5 Ah battery. Battery tool provides built-in optimizer to match the model curves with datasheet 

or measured curves. There is built-in test bench for validating charge and discharge characteristics of the 

battery model generated. Tool supports different battery topologies like single cell, scaled, and distributed 

pack. Also, ageing effect and static thermal are included in this model. Most of the battery chemistries 

except Lead- acid are supported by the Battery tool in SaberRD. To simulate design with Lead acid 

battery, the available model in SaberRD library is parameterized and used. 

 

Figure 4: Battery characterized tool 
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SiC Power MOSFET Model 

Power MOSFET characterization tool in SaberRD is shown Figure 5. N-Channel Silicon Carbide 

MOSFET SCT3030KL is characterized and used in this design. The manufacturer’s datasheet curves such 

as output and transfer characteristics, capacitance and gate charge curve are used for characterization. 

There is a built-in optimizer to match the model curves with datasheet or measured curves. The tool 

generates the model along with the symbol, automatically. Also, there is a built-in test bench for 

validating switching characteristics of the model generated. Body diode is characterized using inverse 

diode forward current and source-drain voltage curve. Reverse recovery is also modeled in body diode. 

The tool provides flexibility to include lead inductors, thermal impedance, and stress ratings. In addition, 

it is possible to provide tolerance on ratings while model is created. The tolerances provided are used for 

statistical analyses. 

 

Figure 5: Power MOSFET characterization tool 

SiC Diode Model 

Silicon Carbide Schottky diode C3D10065A is used as boost diode in this design. SaberRD Diode tool is 

used to characterize this component as shown in Figure 6. Forward characteristic and capacitance curve 

from manufacturer’s datasheet are used for characterization. Diode tool supports Silicon and Silicon 

Carbide technologies. Thermal impedance and Stress ratings are also modeled.  
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Figure 6: Diode characterization tool 

Simulation and Results 
This section details various analyses performed on the design.  

Nominal Analysis 

Time domain (Transient) analysis is performed to verify the nominal behavior of the design. In nominal 

analysis, the output measurements are validated against design specifications as shown in Table 3. The 

design is simulated by setting Initial State of Charge (soc0) of Li-ion battery as 70%. The simulation and 

post processing are automated using Experiment analyzer in SaberRD.  

Steps to simulate experiment: 

1) Open the design Battery_Charging_System.ai_dsn from the attached design 

folder.  

2) On the Simulate Tab, select Experiment from the Analysis list. 

3) Select an Experiment from the drop down list as shown below.  

 

4) Click GO  to run the analysis.  

The details for experiment exp1_nominal_analysis.ai_expt are shown in Figure 7. 
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Figure 7: Experiment exp1_nominal_analysis.ai_expt 

In the experiment, time taken to charge the battery from 70% to 90% is calculated using linear 

extrapolation method. The variation of State of Charge (SOC) for 1 second is measured from Transient 

analysis. Then, using the rate of charging, time taken to charge the battery up to 90% is calculated. This is 

just an approximation method to measure the charging time because charging time is non-linear as SOC 

reaches 90% and takes more time. 

After successful completion of simulation, the results are loaded in Results Tab. Open the Experiment 

Report to see that the time taken to reach SOC = 90% is 1.857 hours as shown in Figure 8. However, 

actual charging time from 70% to 90% will be around 2 to 2.5 hours for Level-2 type chargers.  
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Figure 8: Experiment Report from exp1_nominal_analysis.ai_expt 

You can also see that output voltage and current are within 1% tolerance of the specification mentioned. 

Also, the Total Harmonic Distortion (THD) in input current is measured as 3.9% and is within the limit of 

6.27%. But, the efficiency has fallen short by 0.57%. Open graph Input_output from the Results Tab. You 

can see that the input AC voltage and current are in phase as shown in Figure 9.  

 

Figure 9: Output and input waveforms 

Now, let’s investigate how the design is optimized to get optimal efficiency. 
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Methods to Improve Circuit Efficiency 

To improve the circuit efficiency, follow the steps below: 

1. Perform Sensitivity Analysis 

Sensitivity analysis in SaberRD is used to identify design parameters that have biggest impact on 

the design performance. Sensitivity analysis performs a Transient analysis first, to identify the 

design behavior. Then, design parameter is minimally varied. Transient analysis is run again to 

calculate the effect. This is repeated for all parameters in the list. Sensitivity analysis ranks 

parameters by their impact on design performance and a sensitivity report is generated.  

The Sensitivity analysis is performed to identify the most influencing parameters to improve the 

efficiency. To avoid loss of power quality in the process of improving the efficiency, Sensitivity 

analysis is also performed on THD measurement of input current.  

Open experiment exp2_sensitivity.ai_expt from the list of experiments and run the 

simulation. The details of exp2_sensitivity.ai_expt is shown in Figure 10. 

 

Figure 10: Experiment exp2_sensitivity.ai_expt 

After successful completion of simulation, Sensitivity Report is loaded in the Results Tab. Open 

the Sensitivity Report and navigate to page 6 and 7.  
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Figure 11: Page 6 and 7 of Sensitivity Report 

You can see that the boost inductor and series resistance of boost diode have the most influence 

on the efficiency. Also, boost inductance and output capacitance along with series resistance of 

boost diode are sensitive towards THD measurement on input current.  

As boost inductance and output capacitance are critical parameters in the interleaved boost 

converter design, any modification to these values should be done carefully. We will use Worst 

Case Analysis Tool (WCA) to optimize their values that will be discussed later. The series 

resistance of diode that accounts for forward voltage drop contributes to conduction loss and 

thereby reduces the efficiency. 

 

2. Reduce Losses 

Silicon Carbide (SiC) Schottky diodes are known to have high forward voltage drop for example, 

2.1 to 2.5 V. But the diodes used in this design have forward voltage drop of 1.5V only. For 

investigation purpose, the SiC Schottky diodes are replaced with different part number with lower 

forward voltage drop. Ratings of STPSC20065 SiC Schottky diode are shown in Figure 12.  

 

Figure 12: Ratings of STPSC20065 SiC Schottky Diode 
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Forward voltage drop of STPSC20065 Schottky diode is 1.3V. The STPSC20065 Schottky diode 

is characterized using Diode tool in SaberRD and is available in design folder.  

RMB on schematic and select Get Part > By Symbol Name. Select stpsc20065_y.ai_sym 

and place it on the schematic. Replace the c3d10065a diodes with stpsc20065_y as shown 

in Figure 13 

 

Figure 13: SiC diodes are replaced with STPSC20065 

Experiment exp1_nominal_analysis.ai_expt is simulated again after replacing the 

diodes. From the generated Experiment Report, it is observed that the efficiency is improved by 

a marginal percentage as shown in Figure 14.  
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Figure 14: Experiment Report after SiC diodes are replaced 

  

3. Use Worst Case Analysis Tool 

The parameters of passive element identified in Sensitivity analysis are provided with probability 

distribution. Then, they are loaded in the WCA tool in SaberRD. WCA uses multiple algorithms 

to find best fit value for the parameter to obtain optimum efficiency. The WCA test bench is 

shown in Figure 15. WCA test bench is available in design folder. In WCA, go to File menu > 

Open, and select Efficiency_optimize.ai_wca from the design folder. The test bench is 

simulated and values are obtained as shown in Figure 15.  

 

Figure 15: WCA test bench to optimize efficiency 
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These values are passed to the active simulation session and Transient analysis is performed 

again. After successful completion of simulation, it is seen that the efficiency is now improved to 

95.08%. Also, the THD measurement on input current is 4.35% and is within the limit specified. 

 

Figure 16: Experiment report after exporting results from WCA 
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Reliability Study using Stress Analysis 

After achieving the design objectives, you can also perform Stress analysis to check whether components 

are overstressed. Stress analysis is performed along with Transient analysis to identify any overstressed 

components. Results from Stress analysis are used in reliability studies. In experiment 

exp1_nominal_analysis.ai_expt, enable the Stress options from Transient simulation settings 

as shown in the Figure 17.  

 

Figure 17: Stress settings in experiment 

Add the stress measures of STPSC20065 SiC diode in the Stress Measure List as shown in Figure 18. 

 

Figure 18: Select Stress Measure window 
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After successful completion of Transient analysis, Stress Report is generated as shown in Figure 19. 

Stress Report gives the list of components in the ascending order of stress observed.  

 

Figure 19: Stress Report 

From the Stress Report, it is observed that: 

• All devices except boost diodes are stressed below 50%. 

• The voltage across boost diodes are 62% of its rated voltage 650V.  

Therefore, Schottky diodes with higher PIV (peak inverse voltage), for example 800V with low forward 

voltage drop are recommended for this type of application.  
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Conclusion 
We observed that the Level-2 type on-board 3.3kW EV battery charging system is designed in SaberRD. 

Nominal behavior of the design is simulated and design performance is validated against specifications. 

Initially during nominal analysis, the system efficiency is obtained as 94.42%. With Sensitivity analysis, 

the parameters that have the most influence on system efficiency are identified. Schottky diodes with 

lower forward voltage drop are replaced to reduce conduction loss. Then using WCA Tool, the parameter 

values are optimized. Transient analysis is run again with new parameter values and it is observed that the 

efficiency is improved to 95.08%. And finally using Stress analysis, we observe that no components are 

overstressed. 
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