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Abstract—A new electronic ballast circuit for High Intensity 
Discharge (HID) lamps to achieve an “ultra” high efficiency of 
95% is proposed in this paper. The first stage of the ballast which 
is the power factor correction boost converter has demonstrated 
an efficiency of >97% using Si MOSFET as the switch.  The 
second stage of the ballast, a DC to high frequency inverter has 
been designed to achieve >98% efficiency. Thus the overall 
efficiency of the ballast is expected to be >95%.  The 
performance of the “ultra high” efficient electronic ballast when 
SiC MOSFETS are used is discussed in the paper.  A loss model 
has been developed to compare the efficiency of the electronic 
ballast when using Si or SiC devices. 
 
Index Terms—Electronic ballast, HID lamps, resonant inverter, 
power loss modeling, Silicon Carbide (SiC). 

I. INTRODUCTION 
High Intensity Discharge (HID) lamps make a major impact 

on lighting and energy consumed in lighting. The HID 
lighting systems can be made more efficient by improving the 
ballast energy efficiency and by providing flexible energy-
saving features. Therefore, an opportunity to provide an 
impact on the illumination efficiency of the various lighting 
sectors such as industrial, residential, commercial, etc., is 
significant. Innovative power electronics technology and 
optimum circuit design are considered to improve efficiency 
of the ballast in the power range of HID wattage. 

HID lamps, like fluorescent lamps require high voltages 
to initiate discharge and also current limitation after start-up. 
These features are implemented in the electronic ballast. 
Electronic ballasts have advantages of reduced weight, lower 

losses, quiet operation, and improved control over magnetic 
ballasts which are generally inexpensive, simple, and reliable. 
Electronic ballasts are more expensive and may offer less 
reliability than magnetic ballasts.  

An electronic ballast for an HID lamp in general can be 
divided into two stages: 1) Power factor correction, and 2) 
high frequency driver stage. The first stage consists of an 
input filter (for EMI reduction) and a full bridge rectifier that 
converts the input rms voltage into DC voltage. The rectified 
voltage is then fed through a power factor correction (PFC) 
circuit that maintains the power factor of the system to unity 
thereby improving the efficiency. The PFC consists of a dc-dc 
converter where in the switching device is controlled so as to 
maintain the phase difference between the input current and 
voltage to almost zero. The second stage consists of a DC to 
high frequency inverter with resonant tank circuit at the output 
to drive the lamp.  Fig. 1 illustrates the electronic ballast 
structure in block diagram. 

Several ballast designs have been proposed in the literature 
for low-power lamps and also high power lamps [1-3,19,20]. 
Ref [20] describes an electronic ballast design that achieves 
96% efficiency but at low lamp powers of around 33 watts. A 
similar design at high output powers is used in this design. 
Among the 250 watt electronic ballast designs, no efficiencies 
greater than 92% were reported [2, 19]. 

In this paper, a half-bridge inverter with parallel resonant 
circuit is proposed to be used. The efficiency in the first stage 
of the ballast is >97% and an efficiency of >97% is expected 
in the second stage, thereby obtaining an overall “ultra-high” 
efficiency of >95% for the ballast. 
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Fig. 1. Block diagram representation of electronic ballast 
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Fig. 2. Basic PFC boost converter. 

II. ELECTRONIC BALLAST 

A. Front End PFC Boost Converter 
The front-end PFC converter is basically a boost converter. 

Synchronous operation can be obtained at high frequencies 
which can reduce EMI and current ripple in the bulk capacitor 
[1]. For this electronic ballast design, a 250W boost power 
factor correction converter with input voltage of 120 V, output 
voltage of 400 V, and switching frequency of 100 kHz is 
used. For output powers greater than 300 W, the boost PFC 
should operate in continuous conduction mode. 

Fig. 2 shows a typical PFC converter. The input is 
sinusoidal voltage varying from 90 V to 265 V at line 
frequency of 60 Hz. The input is fed into a diode bridge 
rectifier where the ac voltage is rectified to DC. This DC 
voltage is fed into the boost converter to get a higher output 
voltage of 385-400 V.  

For the control strategy of PFC, the two important 
considerations are that the output voltage should be constant 
and the input current must follow the input voltage. For an 
output feedback loop to control and maintain constant output  
voltage while maintaining power factor of the input current, 
either the multiplier approach or the voltage follower 
approach can be used. In the multiplier approach, the input 
current feedback loop is programmed from the input voltage 
such that the DC-DC converter operates as a current sink. The 
multiplier approach can be divided into  

a) Average current control  
b) Peak current control  
c) Variable hysteresis control.  

These three control methods basically define the type of 
PFC controller that can be used for simulation. The average 
current control mode has been simulated using PSIM. In the 
average current control method, the inductor current is sensed 
and filtered by a current error amplifier which drives the 
PWM. Thus, in the inner current loop, the average input 
current tends to approach the reference. The converter works 
in CCM (continuous conduction mode) [4-12].  

The gate signal generating integrated circuit of the PFC is 
modeled to vary the duty cycle so as to maintain constant 
output voltage and also maintain input power factor to be near 
unity. The current and the voltage are in phase by the power 
factor controlling gate driver circuit. The boost diode D1 and 

the switching MOSFET M were originally Si devices, but 
have been replaced with a SiC Schottky diode and SiC 
MOSFET respectively to examine the efficiency gains 
possible with these devices. 

B. Resonant Inverter 
The output of the PFC circuit is fed into an inverter to 

obtain high frequency pulses to the output. The topologies are 
implemented with one, two, or four switches. Most of the 
electronic ballasts use a half-bridge inverter.  

The output of the inverter is passed through a passive filter 
to obtain more sinusoidal output voltage. Types of resonant 
filters that can be used include: 

a) LC series resonant 
b) LCC series resonant 
c) LC parallel resonant 

In this application, a parallel resonant half bridge inverter is 
used because of its advantages: 1) low harmonics, 2) 
minimum number of switches, 3) high frequency operation, 4) 
low acoustic noise, and 5) improved luminous efficacy [14]. A 
series resonant inverter is described in [13]. 
 

III. SI VS. SIC DEVICES 

Static and switching tests required to characterize the 
MOSFET devices have been conducted. The I-V curves 
indicate the temperature variation of the on-resistance for an 
800 V, 10 A SiC MOSFET from Cree as shown in Fig. 3. The 
resistance of the SiC MOSFET decreases with increase in 
temperature until near 150 °C where it begins to increase.  

The I-V characteristics for a Si MOSFET rated at 600 V, 10 
A indicate an increase in resistance with temperature as shown 
in Fig. 4. The threshold voltage decreases with temperature in 
both Si and SiC as shown in Fig. 5. 

To determine switching characteristics, a double-pulse gate 
signal was used to drive the MOSFET, and the applied voltage 
was 200 Vdc. An inductive load of 8 mH was used, and the 
current was varied from 2 to 10 A. The temperature of the 
device was varied from 25 to 150 °C for the testing. The 
switching energy losses for the device during turn-on and 
turn-off as a function of temperature are plotted.  

Fig. 6 shows that for the SiC MOSFET the energy losses 
increase with increase in current and decrease with 
temperature. At lower currents, the change in temperature has 
no significant effect on the losses; however, for higher 
currents the decrease in losses with temperature is more 
significant in turn-on losses than in turn-off losses. 

The forward voltage drop across the diode is higher for the 
SiC diode than that for Si. The reverse recovery time is 
reduced in SiC; it is considered to have near-zero reverse 
recovery charge because it is a Schottky device and hence 
results in a significant reduction in recovery time compared to 
the Si pn diode. 
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 (a) Forward I-V characteristics 
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 (b) Transfer characteristics 

  
Fig. 3. Experimentally tested characteristics of SiC MOSFET. 
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Fig. 4.  Variation of on-resistance with temperature in Si and SiC MOSFETs.              
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Fig. 5. Variation of threshold voltage with temperature for Si and SiC 

MOSFETs. 
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(a) Variation of turn-on losses with temperature 
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(b) Variation of turn-off losses with temperature 

 
Fig. 6.  Switching losses in a SiC MOSFET. 

 
 



 

 

 
Fig. 7 Simulink model for power loss calculation using Simcoupler to couple PSIM and Simulink. 

 
 

IV. LOSS MODELING 

  Using device testing and a device physics model, a power 
loss model for the devices can be developed [18]. Then, an 
averaging technique and control strategy must be incorporated 
into the overall converter loss model.  A thermal equivalent 
circuit then must be developed, and the resultant thermal 
values fed back into the converter loss model.   

The losses in the diodes and MOSFETs are divided into 
conduction and switching losses.  The switching losses are 
dependent on the switching frequency; switching losses in the 
MOSFET and the diode have to account for removal of the 
stored charge in the junction capacitances also.  The 
conduction losses are the losses in the drift region, channel, 
and contacts when the device is conducting. It is dependent on 
the resistance and the square of the current through it. The 
equations for calculating these losses are given in [15].  

The switching losses in the MOSFET are given by (1) 
  1 

where Vo is the output voltage, ILrms  is the rms inductor 
current, tsw is the switching time, f is frequency of operation, 
Coss is the output MOSFET capacitance. The first part of the 
switching loss is obtained by averaging the area under the 
transition waves of voltage and current during turn on and 
turn off switching times. The switching time tsw is the sum of 
rise and fall times of the current. The second part of the 
switching loss in the MOSFET is due to the output 
capacitance Coss measured between the drain and source  with 
the gate- source voltage, Vgs, zero for AC voltages. Coss is  
given by the drain to source capacitance Cds in parallel with 
the gate to drain capacitance Cgd. The output capacitance 
decreases with voltage hyperbolically. For high voltages 
across the MOSFET and high switching frequency, this loss 
becomes significant. The output capacitance of the SiC 
MOSFET is 21pF and that of Si MOSFET is 48 pF at 400V. 

Equation (2) gives the conduction losses in the MOSFET. 
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on-state resistance of the MOSFET. The values of Rds for Si 
and SiC are 0.19 and 0.25 at 250 C from Fig. 4. This implies 
there is an increase of conduction loss in SiC MOSFET at 
room temperature. 

The conduction losses in the diode are given by (3): 

( )2
_D con Drms on on DrmsP I R V I= × + ×  ,   (3) 

where Ron is the on resistance of the diode, Von is the on-state 
forward voltage drop of the diode, IDrms is the rms current 
through the diode. The conduction loss in the Schottky diode 
is due to the on-state resistance and the diode forward voltage 
drop Von. 

  The equation for calculating the switching losses in the 
diode is given by (4): 

_D sw c oP Q V= × × f .        (4) 

Vo is the output current of the PFC converter, and Qc is the 
reverse recovery charge of the diode. The switching loss in the 
diode is mainly due to the reverse recovery charge that has to 
be removed before when the diode is to be turned on. The 
reverse recovery charge for SiC diode is almost 1/5th that of a 
Si diode which results in significant efficiency improvement 
with the use of SiC Schottky diode. 

A Simulink model has been developed based on these 
equations. The values of voltage and current have been 
coupled from the PSIM model of the PFC converter circuit to 
the loss model in Simulink as shown in Fig. 7.  

Efficiency calculated from preliminary simulation results 
and calculation of total losses in the PFC circuit with varying 
input voltage has shown that the use of SiC MOSFET and 
diode will actually result in decreased efficiency by as much 
as 2% at lower voltages. The efficiency of SiC MOSFET 
improves with higher input voltage. Note that the SiC 
MOSFET was rated for 800 V whereas the Si MOSFET was 
rated for 600 V.   

The total losses include the losses due to the boost inductor, 
the losses in the rectifier bridge, the losses due to the boost 
capacitor, and the device losses in MOSFET and diode. The 
current and voltage values have been extracted from the 
simulation results of the PFC circuit in PSIM. The differences 
in the losses for the Si-based circuit and the SiC-based circuit 
are due to zero reverse recovery charge of the SiC Schottky 
diode and the lower output capacitance of the SiC MOSFET 
as compared to that of a Si MOSFET. The major increase in 
losses in SiC MOSFET as compared to Si MOSFET with 
same gate driver is attributed to increase in switching times 
and conduction losses of the SiC MOSFET. 

V. EXPERIMENTAL RESULTS 

Fig. 8 shows the assembled circuit board of a 250 W HID 
ballast with the PFC and resonant inverter stages. The choice 
of components in the circuit was optimized in the design for 
efficiency improvement. Experimental tests were performed 
on the proof of concept ballast. The input voltage was varied 
from 90 Vac to 264 Vac and resistive load of 250 W was 
applied across the output of the PFC that produced 400 V. Fig. 

9 shows the inductor current and drain voltage of the 
MOSFET waveforms obtained experimentally for 120 Vac 
input from the PFC circuit. The PFC boost converter in 
literature has at most reached an efficiency of 96% [1-3, 16, 
17, 19, 20].  Fig. 10 demon-strates the power factor correction 
achieved using the PFC circuit. A power factor of 0.99 is 
achieved using the design in Fig. 8. 

 
 

 
Fig. 8. Assembled ballast board with PFC and inverter stages connected. 
 
 

 
Fig. 9. Inductor current and drain-source voltage in input                                           

voltage across MOSFET. 
 

 

Fig. 10. Input voltage and current waveforms of the PFC circuit. 



 

 
Fig. 11. Experimental values of efficiency vs. input voltage for Si and SiC 

based PFC. 
 

 
Fig. 12. Comparison of simulation and experimental results of Si-based PFC. 

 

 
 Fig. 13. Comparison of simulation and experimental results of SiC-based 

PFC. 

The silicon MOSFET was next replaced by the SiC 
MOSFET characterized in Figs. 3 and 4, and the efficiency of 
the converter was again measured. Fig. 11 compares 
experimental efficiency values of the PFC by using Si and 
SiC MOSFETs. We observe that the efficiencies of SiC-
based PFC are lower than that of Si-based PFC. 

Figs. 12 and 13 demonstrate the simulation and 
experimental efficiency results of a Si and SiC-based PFC, 
respectively. It can be observed that the simulation results are 
in accordance with the experimental results. The simulation 
model describes more closely the losses in the SiC-based PFC 
than the Si-based PFC.  

Fig. 14 compares the simulation results of Si and SiC 
ballasts which includes the front-end PFC and the resonant 
inverter. The efficiency of just the resonant inverter portion of 
the circuit was greater than 97% for the Si-based inverter and 
for that of SiC-based inverter, the efficiency was near 97%. 

The decrease in efficiency of the SiC-based ballast can be 
attributed to the increase in switching times of SiC MOSFET 
which is dependent on device design and greater drain source 
resistance RDS of SiC MOSFET at room temperature as shown 
in Fig. 4. Also, it should be emphasized that the SiC 
MOSFETs were simply inserted as a one-to-one replacement 
for the Si MOSFETs.  A new gate drive design with lower 
gate resistance is needed to take more advantage of the SiC 
MOSFET’s intrinsic properties. 

VI. CONCLUSIONS 
SiC devices are expected to have better operating 

characteristics when compared to Si devices. However, for 
this application where one to one replacement of the 
MOSFET has been done, the efficiency of the system 
decreases when SiC devices are used. The switching times of 
the SiC MOSFET were greater than that of the Si MOSFET. 
A design of the gate drive circuit that would enhance faster 
switching is needed to exploit the SiC advantages to improve 
efficiency. However, the efficiency of the ballast with the Si 
MOSFET is close to 95% as predicted from the simulation 
results. The efficiency of the PFC portion of the ballast has 
been verified experimentally to be greater than 97%.  
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