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Abstract 

 
Advances in FPGA technology have enabled fast real-time simulation of power converters, filters and loads. FPGA based HIL 

(Hardware-In-the-Loop) simulators have revolutionized control hardware and software development for power electronics. 
Common time step sizes in the order of 100ns are sufficient for simulating switching frequency current and voltage ripples. In 
order to keep the time step as small as possible, ideal switching function models are often used to simulate the phase legs. This 
often produces inferior results when simulating the discontinuous conduction mode (DCM) and disabled operational states. 
Therefore, the corresponding measurement and protection units cannot be tested properly. This paper describes a new solution 
for this problem utilizing a discrete-time PI controller. The PI controller simulates the proper DC and low frequency AC 
components of the phase leg voltage during disabled operation. It also retains the advantage of fast real-time execution of 
switch-based models when an accurate simulation of high frequency junction capacitor oscillations is not necessary. 
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I. INTRODUCTION 
General power converter systems consist of two main parts: 

a power level (main) circuit, and one or more controller units 
usually realized using a DSP or FPGA. Since testing such units 
on the original main circuit is expensive and dangerous, 
computer simulation is often used instead  [1],  [2].  

A. Real-Time HIL Simulation in Power Electronics 

An effective way to test controller hardware and software is 
real-time HIL (Hardware-In-the-Loop) simulation  [3]. The 
main concept behind HIL simulation is that real-time 
computational models replace the high-power parts of the 

system, including power converters  [4] and all other power and 
analog measurement components on both sides of the converter, 
as shown in Fig. 1. For example, in case of an inverter, the 
components on both the DC side  [5]- [7] and the AC side 
(motor  [8] or filter and grid model) are simulated. The 
simulator hardware is connected to the control board under 
development via real physical interfaces (analog and digital 
I/O). As a result, the control card and its software are unable to 
distinguish the simulator from a real system. Such a simulator 
can shorten development time and reduce costs  [9]. 

The hardware used for real-time simulation may consist of 
microprocessor or DSP cores. This is useful for the HIL 
simulation of slow  [10] or very large systems  [11]. However, 
FPGA circuits are the core units of very complex  [12] and fast 
HIL simulators  [13] , [14]. Modern FPGAs provide high speed 
interfaces, low latency and smaller time steps than 
microprocessors thanks to their paralleled structure  [15]. As a 
result, large FPGAs are usually a better choice for the HIL 
simulators of power converters than DSPs or personal 
computers  [8] , [16]. 
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Fig. 1. Modular HIL block diagram for three phase inverters. The 
arrows show the direction of the data exchange. 
 

B. Modelling of Phase Legs 

The main building block of most power converters is the 
inductively loaded phase leg, as shown in Fig. 2 for a two-level 
grid connected inverter. It consists of a pair of diodes clamping 
the switched point of the phase leg (marked as ULEG in Fig. 2) 
to a DC bus, along with controlled semiconductor switches 
capable of connecting the switched point to certain fixed 
potentials, e.g. +Udc/2 and -Udc/2 for a two-level inverter. 

Several very precise power semiconductor models exist for 
the described phase leg and its components. Some concentrate 
on the voltage-current characteristics and switching behavior of 
power semiconductors  [17],  [18]. Others try to implement 
idealized or identified characteristics  [19] or to use parameter 
extraction and detailed physics based semiconductor 
models  [20] , [21]. Such models are very accurate. However, 
they are computationally intensive, and can hardly be 
optimized for real-time use. The fastest real-time simulators 
usually need simpler models using a forward Euler solver. 

The simplest is the switching function model. This model 
can only chose one of the possible voltage levels in each time 
step, or it may switch between two resistance values. Such a 
model is very fast. However, it cannot handle the discontinuous 
conduction mode (DCM)  [13]. The problem can be solved via 
simulating a capacitance in place of an open switch  [22]. 
However, this can lead to stability problems, which 
necessitates the use of a backward Euler solver and further 
simplifications such as the associated discrete circuit (ADC) 
model  [23]. The extra computations increase the delay of the 
model which in turn lengthens the time step. 

The goal of the actual research described in this paper is to 
provide a model which combines the advantages of the two 
methods described above: the ability to simulate the DC and 
low-frequency voltage components during DCM, and stability 
with a forward Euler solver.  

The problems with existing models are first discussed in 
Section II. Section III describes the new phase leg model. 
Section IV presents simulation results. The simulation results 
are compared with experimental results in section V. Some 
conclusions are presented in section VI. 
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Fig. 3. Switching function based phase leg model in Matlab 
Simulink. The model also includes voltage drop simulation. 

 

II. REAL-TIME PHASE LEG MODELS 
As described in the introduction, semiconductors can be 

modeled via simple switching functions. This is often used in 
real-time simulators, and sometimes in offline simulators  [24]. 
Fig. 3 shows how this works. If the high side control is high, a 
positive voltage is forced to ULEG. If the low side control is 
high, a negative voltage is forced. If both control signals are 
low, the sign of the forced voltage is chosen based on current 
direction. Voltage drop simulation is also possible as shown in 
Fig. 3. The problems of simulating DCM on switching function 
models are discussed in part A. Improving the model via 
junction capacitor simulation is discussed in part B. 

A. Switching Function Based Models 

In a phase leg working in a PWM converter, there are two 
situations when both switch control signals can be low: the 
uncontrolled state (the appliance is in standby or inoperative 
mode) and the control dead time (introduced to avoid short 
circuit caused by a delay of the semiconductor switches). DCM 
happens if the current is low before control turn-off. 

In switching function models, if both transistors are OFF in a 
phase leg, the simple diode model chooses its output voltage 
for the actual time step based on the current direction. This is 
done by the "Switch2" block in Fig. 3. Long-time inactive  



Real-Time HIL Simulation of the Discontinuous Conduction Mode in …                 1537 
 

500

300
400

200
100

0
-100
-200
-300
-400
-500

40
20

60

0
-20
-40
-60

ULEG [V]

IAC [A]

t [s]
0.016 0.017 0.018 0.019 0.020 0.021 0.022

IAC1

IAC2

IAC3

 

300
400

200
100

0
-100
-200
-300
-400
-500

0
-0.1

ULEG [V]

1 2 3 4 5 6 7

500

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8 IAC [A]

ULEG1

IAC1

t [us]8 9 10
Time offset: 20ms

tstep

 
Fig. 4. 3-phase inverter waveforms of a switching function based 
fixed step model. Transition to DCM is magnified for leg 1. 

 
control signals may let the current fall to zero, which causes the 
output voltage to alternate between the positive and the 
negative DC rails. In a variable-step solver, simulating the 
DCM with a switching function model causes the time step to 
decrease to its minimum setting. This results in a serious slow- 
down of the simulation. Extra logics and communication links 
between the modules (see Fig. 1) are needed to handle zero 
crossings, which degrade the reusability of the modules. 
Matlab/Simulink has tools to handle this problem in off-line 
simulations (e.g. the state ports of integrators cooperating with 
hit crossing blocks). However, these are not supported by HDL 
code generation, rendering the solution impractical with 
variable-step solvers. 

Fixed step solvers do not suffer from such problems. 
However, a switching function model operating in DCM on a 
fixed step solver generates a false high-frequency phase leg 
voltage waveform, which has a period proportional to the time 
step. Such waveforms can be seen in Fig. 4. The minimal pulse 
width of this high frequency noise is one simulation time step. 

The switching operation causes small ripples in the inductor 
current, which are visible on the bottom waveform of Fig. 4. 
The average of the simulated phase leg voltage, seen in the 
diagram, is still correct. It is equal to uAC (Fig. 2). 
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Fig. 5. DCM inductor voltage and current waveforms of a 
switching function based model. 

 
There are problems with common mode currents and energy 

balance as a result of the simulation error described above. A 
small triangular current always flows through the inductively 
loaded phase leg during DCM. The typical inductor voltage 
and phase leg current waveforms caused by this can be seen in 
Fig. 5.  In the equations below, U1 and U2 represent the two 
possible voltage values of the filter inductor L based on the 
current direction, with the following assumption: 

1 2U U                    
(1) 

The ripple of the error current can be calculated as: 
  

  1 2step step
err

U t U k t
I

L L             
(2) 

Equation (2) enables the calculation of the time ratio k in (3) 
and the noise frequency ferr in (4). k is a whole number. Thus, it 
needs to be rounded up, as shown by the operator     in (3). 
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Based on Fig. 5 and (3), it is clear that the average simulated 
inductor current is nonzero if U1≠U2. The actual offset of the 
current may vary between periods, since the actual zero 
crossing might happen anytime up to one time step before the 
simulator recognizes the change of sign. Therefore, the offset 
of the triangular current can change between its minimum and 
maximum value, as shown with the dotted lines in Fig. 5. The 
average error current can be calculated as follows: 

  
  

 
1 22

2 2 2
stepsteperr

errAV

U U tU tI
I

L L     
(5) 

Note that for a multiphase converter, the DC current is this 
number multiplied by the number of phase legs. The actual 
sign of the average error current depends on the ratio of the 
voltages present on the two sides of the simulated converter, 
and on the reference directions of the currents and voltages. 

The problem is that a false square wave phase leg voltage 
and current ripple makes it hard to test certain protection 
hardware and software. This includes hardware based dead  
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Fig. 6. Modeled capacitances of a phase leg. 

 
time compensators using phase leg voltage measurement, back 
EMF measurement during DCM (e.g. sensorless BLDC drives), 
and leakage current protection (electric car chargers). A major 
problem is that if a DC capacitor model is attached to the phase 
leg model, the rectified false current ripple constantly charges 
the input capacitor. The resulting error becomes significant if 
the control of the phase leg is disabled for several milliseconds. 
This can falsely trigger DC overvoltage protection. 

B. Simulation of junction capacitance 

Adding a junction capacitor model, as shown in Fig. 6, can 
provide an acceptable phase leg voltage. For AC currents, the 
DC grid can be substituted with a short circuit. Thus, only one 
capacitor model is required for each leg. A saturated integrator 
can be used instead of the switch-based model, and the gate 
signals and current direction can be used to determine the 
saturation limits. The integrator used in the test phase leg 
model only simulates the diode leg operation. It is reset if any 
of the switches are on. Using the capacitor model, the DC 
currents on both the positive and negative DC rails can be 
easily calculated: 
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Using the saturated integrator model for the calculation of 
the DC currents solves the offset problem described in section 
II.A. The operation of the model can be followed based on the 
example of a three phase grid connected inverter (Fig. 7). After 
disabling the gate signals, a decaying high frequency 
oscillation appears on each of the phase legs superimposed 
onto the fundamental AC voltage. The frequency is so high that 
individual periods cannot be seen in Fig. 7. However, the 
resulting waveforms are realistic and enable the testing of 
protection and control units. The capacitor model can also be 
used to estimate the switching losses of the bridge if it is 
supported by the structure of the HIL. This can be done by 
subtracting the lost energy from the value of the integrator in 
the DC capacitor model. The structure shown in Fig. 1 does not  

 

Fig. 7. Junction capacitor model: voltage and current waveforms of 
a three phase inverter after disabling the gate signals. 

 
allow this. The time step in FPGA-based HIL simulators is 
usually too long for junction capacitance simulation. However, 
this method is still useful in offline models. 

 

III. THE PROPOSED REAL-TIME PHASE LEG MODEL 
WITH A PI CONTROLLER 

In an FPGA-based HIL simulator, the ordinary differential 
equations (ODE-s) of the dynamic components need to be 
solved in real-time. This is done using a small simulation time 
step and low latency. To satisfy these criteria, a simple 
fixed-step solver like the Forward Euler method is 
advantageous. More complex methods such as a backward 
Euler or a Runge-Kutta solver mean a much higher 
computational burden for the FPGA  [25]. 
The Forward Euler method has accuracy and stability problems 
when simulating second order oscillating elements  [26]  [27]. 
This is a problem in the case of the junction capacitor-filter 
inductor circuit described in the previous section, since the 
period of the high frequency oscillation may be shorter or not 
much longer than the time step. Very accurate real-time 
simulation of these oscillations is practically hard, since the 
value of the capacitances are not constant, and often not 
accurately known. However, accurate simulation of this is 
usually not needed. The frequency is generally so high that it is 
instantly filtered by the analog input stage of the controller. As 
a result, direct junction capacitor modeling is rarely used in 
HIL apart from special applications like ZVS resonant 
bridges  [28], where large external capacitances are paralleled to 
semiconductors.  In other cases, an approximation of the DC 
the DC and low frequency components of the phase leg voltage 
are sufficient if the phase leg is not controlled and the current 
becomes discontinuous. 

In order to solve the problems of the switching function 
based model shown in Fig. 4, a moving averaging stage can be 
added after the current and phase leg voltage outputs of the 
model. This gives the correct phase leg voltage. However, it 
also increases the delay of both the voltage and current signals,  
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Fig. 9. Structure of the saturated PI controller in the simulator. 

 
and it is unable to remove the DC component of the current. 
Another method is described in  [29] using a resistor divider. 
This models IGBTs correctly. However, it needs an iterative 
algorithm for diode simulation. 

The proposed method uses a discrete-time PI controller. The 
structure of the bridge model can be seen in Fig. 8. When both 
of the switches are off and the current has decreased to zero, 
the PI controller automatically finds the correct phase leg 
voltage required to keep the current at zero. The calculated 
phase leg voltage follows the voltage of the grid or the motor 
back EMF as long as the PI controller is not saturated. The 
output saturation limits are set to the full DC bus voltage range 
if both of the switches are off. The voltage drops of the diodes 
can also be modeled. If the control signal of a switch becomes 
high, the saturation limits are modified so that the output 
voltage remains in the range allowed by the corresponding 
switch and diodes. This operation may also be extended to 
multilevel converters by correctly choosing the low and high 
limits from the possible values based on the actual state of the 
switching semiconductors. 

The structure of the actual PI controller can be seen in Fig. 9. 
The implementation of the saturation uses the automatic reset 
configuration of the PI controller, which enables a simple 
anti-windup scheme to be used  [30]. In this case, the integral 
action is implemented by applying positive feedback with a 
first-order low-pass filter. The implementation seen in Fig. 9 
was used to avoid the oscillations arising from rapid current 
changes in continuous conduction mode. This realization 
imitates the behavior of a series RC element similar to that of 
the circuit shown in Fig. 10. The described PI structure is 
actually mathematically identical: Rsim can be substituted for  
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Fig. 10. Circuit emulated by the PI structure in Fig. 9. 

 
disc_Ap and Rsim∙Csim can be substituted for the time constant 
disc_Ti in Fig. 9. The saturation is placed directly onto the 
output of the PI controller, which is equivalent to the phase leg 
voltage. The input value of the integrator resembles the input 
current of the capacitor, and it is proportional to the difference 
between the integrator value and the saturated output voltage. 

To tune the PI controller, some information is required on 
the rest of the power circuit. This information includes the 
approximate inductance value during the DCM (Ldisc), the DC 
voltage and the simulation response time (i.e. the control 
system dead time). Since two parameters are required, the 
inverter model cannot be completely independent from the load 
model as described in Fig. 1. However, these parameters are 
not required to be accurate (the high frequency oscillations of 
the junction capacitance voltages cannot be accurately 
simulated with long time steps anyway). The only goal is to 
keep the system stable. The value of Ldisc is the approximate net 
inductance seen by the AC side of the converter. Iron core 
saturation does not need to be included in the calculation, since 
the PI controller only operates at nearly zero currents. Too high 
of an Ldisc value might cause divergent operation, and too small 
values might lead to oscillations. The simulation response time 
( tSIM_RESP ) needs to be equal to tstep/2 (the average delay caused 
by the integrator in the PI controller) plus any other delay 
present in the controlled circuit. The formulas for calculating 
the PI controller parameters can be seen in (8)-(12). The tuning 
described below is for maximum disturbance rejection. 
However, other methods (e.g. Ziegler-Nichols) may be used 
with success. The calculation leaves a pre-defined phase 
margin φ0 and uses up the remaining phase shift by leaving 2/3 
of it for the dead time component and 1/3 for the integrator: 

0 margin-
2
 

                  (8) 


   0
c

SIM_RESP

2
3 t                  

(9) 

 


   
 

i

0

1_
1tan
3c

disc T

             

(10) 

The Ap parameter was calculated so that the absolute open 
loop transfer of the current loop is 1 at ωC frequency: 

 p c disc_disc A L               
(11) 

It can be seen that Fig. 9 contains a saturation block directly  
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Fig. 11. HIL simulator hardware used for testing. 
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Fig. 12. Main circuit of the battery charger used for testing. 

 
on the input of the PI controller. The Ilim value is defined as: 

 DC
lim

p_
U

I
disc A                  

(12) 

Ilim is used to limit the input current of the PI controller so 
that it can cause no more than a UDC voltage difference in the 
next time step. This can be allowed since any input current 
higher than Ilim has the same effect because of output saturation. 
The advantage of this is a reduction in the number of bits 
required for the fixed-point PI controller. A fixed-point 
numerical representation has many advantages in FPGAs and 
is widely used in HIL simulators   [4]  [13] . 

 

IV. SIMULATION RESULTS 
The HIL simulator hardware used for testing the new 

method can be seen in Fig. 11. Its central part is a Xilinx Artix7 
XC7A100T FPGA on a Nexys4 card. The Nexys4 connects to 
a custom designed interface card, which converts the FPGA 
I/O banks to the signal levels of the control hardware being 
tested. Sigma-delta D/A converters, CAN and RS422  

TABLE I 
PARAMETERS OF THE BATTERY CHARGER TEST SYSTEM 

UDC Ubatt fsw L Rs C RC Rbatt tstep 
600V 450V 10kHz 2.5mH 50mΩ 1.1mF 4.7kΩ 0.2Ω 0.1µs

 
TABLE II 

PARAMETERS OF THE SIMULATOR 
disc_ts φmargin tsim_resp ωc disc_Ti disc_Ap Ilim 
tstep π/3 rad 50ns 6.98Mrad/s 812 ns 17.5kΩ 0.23A
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Fig. 13. HIL workflow. 

 
interfaces, and a resolver emulator interface are also available. 

The modeled main circuit is shown in Fig. 12. It is a battery 
charger circuit consisting of a three-phase synchronous buck 
converter.  The input is an ideal DC source, and the load is the 
Thevenin-equivalent of a battery via a diode to prevent it from 
discharging. The parameters of the test system are presented in 
table I. The calculated parameters of the PI controller are 
presented in table II. 

The complete HIL workflow used for the simulations can be 
seen in Fig 13. At first, the modeling is performed in Matlab 
Simulink using continuous time floating point blocks. This 
model is useful for offline testing. The next step is 
discretization, where the continuous-time integrators are 
replaced with discrete-time integrators. The resulting model 
can also be checked via offline simulations. When the discrete 
model is complete, the 64-bit floating point state variables are 
replaced via fixed-point variables, which work better on an 
FPGA. The resulting model is also tested in Simulink. It is then 
converted to Verilog code via the Matlab HDL coder to be 
synthesized and downloaded into the FPGA. The proposed 
model of the circuit in Fig. 12 is calculated in every 100ns time 
step. The time step is sufficient. As a result, latch (delay) 
blocks are only required before the lookup tables and in the 
integrators of the L and C components and the PI controller, as 
shown in Fig. 9. The model takes advantage of Xilinx DSP48E 
slices and uses 18-bit fixed point notation for signals. The 
currents are represented with 11-bit, and the voltages are 
represented with 21-bit fractional part. The accumulators use 
more bits to avoid data loss from small input values. The model 
has been translated into Verilog via the HDL Coder as a part of 
a complete HIL system to be run on the FPGA  [9]. Monitoring 
was performed via Xilinx ChipScope Pro tool which allows for 
the on-line modification of model parameters. 

Two IGBT phase leg models were tested real-time: the 
switch based model of Fig. 3 and the saturated PI controller 
based model of Fig. 9 and Fig. 10. The control of all six 
simulated switches were disabled a little before t = 10μs. After 
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 (a) Switch-based model results. (b) PI controller based model results. 
Fig. 14. Comparison of simulated voltage and current waveforms of the circuit in Fig. 12 after disabling the IGBTs at t = 10μs. 

 
this, all of the phase legs went discontinuous at different times 
depending on the actual current at the moment of disabling the 
control. The results are shown in Fig. 14. The result of the 
simple model is the current ripple and DC capacitor charging, 
as described in section II. The mean of the phase currents seen 
in Fig. 14(a) are negative due to the difference in the voltages 
on the two sides of the inductor in the two possible switching 
states. The current reference direction in Fig. 12 is the opposite 
of what it was in Fig. 2. This means that the DC-link capacitor 
is charged by 20mA on average. Simulated waveforms of the 
saturated PI based model can be seen in Fig. 14(b). The 
currents are controlled to zero very quickly, while phase leg 
voltages stabilize at the voltage of the output capacitor. The 
resulting DC current IDC also becomes zero, which solves the 
DC link capacitor charging problem. 

 

V. COMPARATIVE EXPERIMENTAL RESULTS  
The simulated outputs of Fig. 14(b) have been compared to 

the response of a real system to the same switch-disable event. 
To perform this, the battery charger test circuit shown in Fig. 
12 was used. This is part of a battery charger test system built 
using a modified Siemens Sinamics S120 motor module (MM) 
which contains IGBT based phase legs and their gate drive  

 

 
Fig. 15. Test system. The S120 MM module is on the bottom left 
of the cart. The inductors and output capacitors are on the top. 
 
circuits. Fig. 15 shows the test system. Apart from the MM 
module, the bottom of the cart contains additional Sinamics 
modules not used during the test. The power and sensing 
circuits of the S120 MM were retained, and all of the extra L, 
C, Rc and D components were added externally to the top of 
the cart. The system was controlled via a custom made control 
card and software developed for research purposes. The input 
side DC bus of the MM has been fed externally via a 600V 
isolated DC power supply (Fig. 15 left, Regatron 
TC.P.20.1000.400.S). The output has been loaded with a 328 Ω  
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Fig. 16. Voltage (top) and current (bottom) measured on the test 
system. The time range seen in Fig. 14 is marked with a bracket. 

 
resistor to ensure a load for the proper operation of the control 
software. The output voltage was 450V when the gate drivers 
were disabled. The inductor current and phase leg voltage of 
one phase has been recorded on a Rhode & Schwarz RTO1004 
oscilloscope using a Tektronix P5200 differential voltage probe 
and a Tektronix A6302 DC/AC current probe on its AM503A 
amplifier. Fig. 16 shows the measurement results. The IGBTs 
are disabled at approximately -87μs. Diode conduction is 
continued until the current reaches zero. After this point, the 
phase leg voltage converges to the 450V output voltage. The 
resulting waveforms near the switch-over (the rectangular 
bracket in Fig. 16) show approximately the same time frame as 
those shown for phase "b" in Fig. 14(b). Immediately after 
switch-off, the real measurement results show the high 
frequency decaying oscillation described in section II.B. This is 
not reproduced by the PI controller based simulator. However, 
after the transition, the final current and voltage values are in 
agreement with the simulation results. 
 

VI. CONCLUSIONS 
With the emergence of cheap high-speed FPGAs, the 

real-time simulation of power electronics has become a reality. 
The goal of model building for HIL simulators is to compute 
results that are as realistic as possible for the time step sizes 
allowed by the FPGA hardware. With this goal in mind, this 
paper presents a new type of inverter bridge model. The new 
method is capable of simulating the discontinuous conduction 
mode (DCM) and the switched-off operation without using 
time steps smaller than the oscillation frequency of the bridge 
junction capacitance and its load inductance. This simple and 
fast model returns the correct fundamental frequency and DC 
component of the output voltage and current. In addition to the 
long-time switched-off operation, the new model also gives 
proper results in rectification mode (ULEG > UDC). It can also 
simulate discontinuous conduction during control dead-time. 

In practice, the new model can be synthesized and used in 
real-time FPGA based HIL simulators with the same time step 

as the switching function based model. This time step is small 
enough to enable the use of a simple Forward Euler solver for 
most of the switching frequencies in silicon IGBT based high 
power converters. Testing in off-line simulation has also shown 
that the model is fast enough to simulate dead-time events such 
as the DCM during dead time. 
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