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Abstract— This paper introduces the development and implementation of a boost converter real time sim-
ulator dealing with inter-step switching delays, which occur due to the different time steps and resulting asyn-
chronism between the digital controller that outputs switch firing signals and the microprocessor that simulates
the boost converter. It is shown that, if left unaccounted for, these delays can cause inaccuracy levels such as
to make both closed and open loop simulations unreliable. In order to avoid this, a time step changing algo-
rithm is implemented. This algorithm is based on the detection of switching orders and a subsequent correction
routine to account for the delay by calculating the system state at the detection moment. The boost circuit is
modeled through the differential equations of each possible converter state-configuration (that is, each mode of
the circuit). The equations are then numerically solved by Backward Euler method. The real-time platform is
composed by two Texas Instruments DSPs, the first one simulating the converter and the other implementing the
Proportional-Integral control system. The implemented algorithm works as intended and allows for an increase

in the converter simulation time step to values which would previously give incorrect results.
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1 Introduction

As the total amount of worldwide electricity con-
sumption is continuously growing, it is essential
to ensure that such an increase comes with an im-
provement in overall system efficiency and a better
usage of different energy sources. These demands
imply in the development of new technologies to
handle increasing power demand and assure sys-
tem stability and reliability.

In this context, power electronics devices and
their control systems are employed in a wide
range of applications, such as FACTS (Flexible
AC Transmission Systems), HVDC (High Volt-
age Direct Current) and also in low power driv-
ing systems. Before commissioning a controller
on a real power system, one should test it in dig-
ital platforms in order to achieve three main ob-
jectives: (Dinavahi and Iravani, 2001) (Bélanger
et al., 2010).

e Evaluate controller performance under open-
loop and closed-loop control conditions;

e Evaluate controller performance under
steady-state and dynamic system conditions;

e Verify built-in diagnostic and protection
strategies.

Off-line transient simulation is not sufficient

to achieve these objectives and, therefore, real-
time simulation becomes necessary (Dinavahi,
2000).

Before the digital simulation advent, Tran-
sient Network Analyzers (TNAs), which were
based on scaled down models of analogical devices,
were used aiming for real time simulation testing
of new control strategies. As the costs were often
prohibitive, and due to the emergence of low-cost
computers, analog simulators gave way to fully
digital real-time simulators. This fact brought
new technical challenges unseen in analog simu-
lations.

Interfacing the simulator with its controller is
one of the main issues concerning digital real-time
simulations because the controller output discrete
firing signals may not be (and in fact almost never
are) in synchronism with the time step of the
simulator. In a physical continuous system, the
switches responses would be almost instantaneous,
but a digital simulator can only respond at a fixed
time grid. As the incoming control signals vary
and do not occur at the same instant relative to
the time grid, the delay introduced is not con-
stant. The larger the time step of the simulator,
the larger is the delay.

Switching delay was first observed in off-line

simulations of thyristor based power electronic
converters (Dinavahi, 2000), (Manitoba, 2010).



Thyristors models should switch as their currents
goes to zero, but if the moment of the current
zero-crossing happens between two time steps, the
switching is delayed by a fraction of time step.

In order to correct the error introduced by the
delay, several approaches have been used for off-
line simulations. The most common is to carry
out the entire simulation with a small step size,
so the error is also reduced, but at the cost of
a larger total simulation time (Dinavahi, 2000).
Another common approach is to backtrack in time
when some event is detected (e.g. the zero-current
crossing in the thyristor case), reduce the step size,
and reevaluate only this time step with a smaller
step size. Both approaches are not suitable for real
time applications, due to their high computational
efforts.

An approach with smaller computational cost
is to use linear interpolation in order to ob-
tain the state at the switching time (Gole et al.,
1997),(Faruque et al., 2005). The main advantage
is that the admittance matrix does not have to
be recalculated, since the time step is fixed. This
method requires two solution steps and two inter-
polation steps for every inter-time step event, this
may not be feasible in real-time (Dinavahi, 2000).

The present work implements a time step
changing algorithm that does not backtrack in
time, making it suitable for real-time applications
with physical systems that are not large enough so
as to make the recalculation of the admittance ma-
trix unpractical in nowadays commercially avail-
able microprocessors. A boost converter circuit
is simulated to verify the feasibility of the algo-
rithm. This circuit is a good example of a system
in which the delay, if not considered, causes spu-
rious behavior. (Vasca and Iannelli, 2012). Real-
time simulation results were compared with com-
mercial software results and good agreement was
found.

This paper is structured as follows: this first
section introduces the subject, Section II describes
the switching delay correction algorithm, Section
III presents the converter model and its numeri-
cal solution, Section IV shows the real time plat-
form composed of two TT TMS320F28377S micro-
processors, Section V gives results and Section VI
contains the authors conclusions.

2 Delay Correction Algorithm

Any electrical circuit’s dynamics describable by
differential equations can be written in the state
space representation, as shown in Equation 1
(Franklin et al., 1994).

X =Ax+ Bu (1)

where x is the state vector, A is the state

matrix and B is the input matrix which multiplies
the input vector u.

In each iteration k, the last state is used for
calculating the current one through some numer-
ical integration method. Equation 2 shows Back-
ward Euler (implicit) Method, which can be ap-
plied to Equation 1 (Butcher, 2016). Hence, a
time domain solution can be achieved starting
from some initial conditions.

Xk+1 = X + h x Xk+1 (2)

If the circuit of interest is a switched one, it is nec-
essary to check the switching status before solv-
ing Equation 1, because matrices A and B change
with the switching status, as the circuit topology
changes.

Besides changing matrices A and B, a digi-
tal real-time simulator must take into account the
delay observed between the exact instant of the
switching order and the current time step.

Figure 1 illustrates a sequence of states be-
tween times ty and t3, with time step At = h. A
switching event labelled "A”, which would ideally
occur at instant ¢ 4 is only processed by the fixed-
step simulator at instant t,, introducing a delay
v = to — ta. By measuring this delay, it is pos-
sible to numerically solve state x4 changing the
time step to h; = h — . In order to return to the
original time grid, state 3 is calculated with time
step ho = h + 7.

As every real time simulation, once state x5 is
calculated, it is impossible to get back in time and
recalculate it, but the present algorithm ensures
that the next state x3 is correct. On the other
hand, if a further switching event occurs between
to and t3, it is necessary to obtain the correct state
zo in order to proceed with the algorithm. In
this case, it is possible to linearly interpolate the
state xo, using its next states x4 and x3 and their
respective instants t4 and t3.
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Figure 1: Ilustration of a switching event occur-
ring at ¢4 between time grid points ¢; and t5.

The following steps summarize the algorithm
routine, which are also depicted in the flowchart
of Figure 2:

e In ty, x; is calculated;

e In ¢y, x5 is calculated;



o In t5:
e An event at t4 is detected;
e Time step is changed into hy = h — ~;
e From x;, x4 is calculated;

e Circuit topology is refreshed, recalcu-
lating matrices A and B, according to switch-
ing state;

e Time step is changed into hy = h 4 7;
e From x4, x3 is calculated;

e Time step returns to h;

e In t3, x4 is calculated.
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Figure 2: Simulation flowchart with correction al-
gorithm routine.

3 Boost converter model

The modeled dc-dc boost converter circuit is
shown in Figure 3. The semiconductor devices
acting as switches are considered to be ideal, that
is, they present perfect conduction and perfect in-
terruption of current, and the commutation be-
tween these states take place instantly.
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Figure 3: Boost converter circuit.

Boost converters, due do their possibles
switching positions and due do the unidirec-
tional current nature of the devices, present the
three modes illustrated in Figures 4, 5 and 6
(Marouchos, 2006).

As the switch shown in Figure 3 is on, the
inductor is charged by the source and the capaci-
tor discharges into the resistor. When the switch
opens, the inductor current forces diode direct po-
larization, discharging the inductor and charging
the capacitor. The state variables adopted were
the capacitor voltage and the inductor current.
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Figure 4: Mode I: Switch is conducting, the diode
is reversely polarized.
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Figure 5: Mode II: Switch is off, the diode is con-
ducting.
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Figure 6: Mode III: Both the switch and the diode
are off, this mode is characteristic of converters
operating with discontinuous current conduction.
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Equation 3 describes Mode I circuit.
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Equation 4 describes the dynamics of Mode
1I.
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Equation 5 describes Mode III.

AVour _ 1 y
dt RC
Applying Euler Backward method (Equation
2) to equations 4 and 3 yields Equation 6.

Vout (5)



Xp+1 = [I — h,A]71 X [Xk + hV;nB] (6)
where x is the state vector, k is the current

iteration, h is the time step, A is the state matrix,

B the input matrix and I is the identity matrix.

Circuit solving is preceded at every time step
by a reading of the firing signal’s level, which di-
rects the program to the proper circuit mode. In-
terleaved solution of modes equations yield the dy-
namics of the switching circuit.

The converter discrete model was imple-
mented in MATLAB code and the obtained re-
sult was compared with a simulation of the same
system in PSIM, in order to validate the model.
Figure 7 show voltage and current results with the
following parameters: R=4Q, L=1mH, C=1
mF, V;;, =1V, h=1 us. The results agreed well,
validating the proposed model.
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Figure 7: Voltage and current results from MAT-
LAB and PSIM simulations.

4 Real-time Simulator Setup

The real-time simulator is composed of two 32
bits, 200 MHz Texas Instruments LAUNCHXL-
F28377S, one simulating the boost converter and
the other performing the control system. The con-
troller receives the capacitor voltage signal from
the boost converter microprocessor DAC, into its
ADC, both of them working on 12 bits. An er-
ror value is generated comparing the ADC reading
with an internal reference value. This error serves
as an input to a PI controller that outputs a modu-
lation signal (CMPA), which is passed to a PWM
register and is compared with the PWM carrier
wave, generating a PWM signal at an output pin.
The PWM resolution is defined by the TBPRD
variable. The converter DSP receives the PWM
signal through its GPIO input. This scheme is
illustrated in the block diagram of Figure 8.
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Figure 8: Real-time simulator block diagram.

The ADC sampling frequency is defined by
the PWM frequency. The acquisition is configured
to occur when the rising portion of the triangular
signal passes through zero.

The converter GPIO sampling frequency is
defined by the internal CPU interruption routine
in which the simulator is implemented, and is cho-
sen to be such that gives a simulation time step
of 20.0 us.

Another GPIO is configured to receive the
PWM signal in order to measure the switching
delay. This GPIO triggers an externally triggered
interruption at every change in PWM level. This
externallly triggered interruption starts a timer,
which is stopped at every beginning of CPU inter-
ruption, if it is on. Figure 9 depicts the system’s
illustration and the interruptions pseudocodes.
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Figure 9: Real-time simulator setup illustration
and interruptions pseudocodes.

In short, at every CPU interruption, the timer
register is checked. If it is on, it is stopped, the



Real Time Model
Offline Model

251

T T
Real Time Model
Offline Model
25 o
\
2r ‘\ i
— \
>
1 7
8 5
s
1F |
0.5 4
0 I I I I *
0 0.01 0.02 0.03 0.04 0.05 0.06

(b)

Figure 10: Real time model validation. (a) Current simulation; (b) Voltage simulation.
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Figure 11: Open loop without corrector algorithm results. Voltage (green), Current (cyan), PWM signal
(orange), PWM as seen by converter (purple). (a) Duty cycle seen by converter is less than real; (b)

Duty cycle seen by converter is greater than real.

delay is measured, and the simulator goes to the
correction algorithm routine. If it is off, no event
happened between time steps, so the simulator
proceeds with normal operation.

All embedded code was written in C. Since
there is no support for linear algebra libraries in
the used devices, all matrix operations have to be
translated into arithmetical operations inside the
DSPs.

5 Results

In order to validate the corrector algorithm, sev-
eral tests have been performed, with different time
steps for the converter simulation, and different
PWM frequencies, in both open and closed loops.

It was observed that the corrector algorithm
is necessary for time steps greater than 5 us, with
a switching frequency of 5400 Hz. Without the al-
gorithm the voltage and current simulated values
do not reach steady state and periodic oscillations

appears.

Table 1 shows circuit and simulation parame-

ters.

Table 1: Parameters.

R 4.0 Q
L 1.0 mH
C 1.0 mF
Vi 1.0V
Reference for V,,; (closed loop) 20V
Duty Cycle (open loop) 50%
Time Step 20.0 ps
PWM Frequency 5400.0 Hz
K, 1.0x10~*
K; 10.0

The circuit parameters were chosen in order to

make the voltage and current ripples large enough
so the gap between discrete simulated values could
be clearly distinguished from noise.
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Figure 12: Open loop with corrector algorithm results. Voltage (green), Current (cyan), PWM signal

(orange), PWM as seen by converter (purple).
Duty cycle seen by converter is greater than real.
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Figure 13: Closed loop results.
Without corrector algorithm.

5.1 Real-time model validation

Figures 10 (a) and 10 (b) show real-time and of-
fline open loop transient voltage and current com-
parison, with a duty cycle of 50%. Offline result
was obtained solving the boost model in MAT-
LAB, as shown in section III.

Good agreement has been observed between
models, with a steady state error of about 5% in
current, and less than 1% in voltage.

5.2 Open loop real-time results

Figures 11(a) and 11(b) show two distinct instants
with a duty cycle of 50% without the corrector
algorithm. Channel 2 (blue) is the current, chan-
nel 4 (green) is the output voltage. Channel 1
(orange) is the PWM signal, and channel 3 (pur-
ple) is the PWM as seen by the converter. This
last signal is obtained exporting the PWM signal
measured in the boost converter DSP, through its

Voltage (green), Current (cyan).

(a) Duty cycle seen by converter is less than real; (b)
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DAC output with the same frequency of the sim-
ulator.

As a discrete system, the boost converter DSP
can only recognize a pulse width multiple of its
own time step. As the real pulse width sent by the
control is not multiple of the converter time step,
it will see different duty cycles according with the
instant of switching. In Figure 11(a), the switch-
ing instant is such that the converter sees a duty
cycle less than the real one, while in Figure 11(b)
the duty cycle is greater than the real one.

This constant changing in duty cycle makes
the voltage and current oscillate between higher
and lower values than would be expected with the
real duty cycle. In the present case, a duty cycle of
50% should deliver a voltage of 2.0 V as depicted
in Equation 7, but the simulated voltage oscillates
between 1.93 V and 2.03 V.

1
Vout - m%n =2 V (7)
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Figure 14: Current ripple measurement. Voltage (green), Current (cyan), PWM signal (orange), PWM
as seen by converter (purple). (a) Minimum delay instant; (b) Maximum delay instant.
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Figure 15: Voltage ripple measurement. Voltage (green), Current (cyan), PWM signal (orange), PWM
as seen by converter (purple). (a) Minimum delay instant; (b) Maximum delay instant.

In order to account for the delay, the sec-
ond state vector (voltage and current values) after
switching should be corrected, but as in this case
there is no correction algorithm, the gap between
discrete values keeps constant.

Figures 12(a) and 12(b) show two distinct in-
stants for a duty cycle of 50% with the corrector
algorithm. Here, the voltage and the current val-
ues do not change according with the duty cycle
seen by the converter. In this case, the second
iteration after PWM switching is proportionally
handling the delay. The gap between discrete val-
ues changes in the second step after switching.

5.8  Closed loop real-time results

Figures 13(a) and 13(b) show closed loop results
with a voltage reference of 2.0 V, with and with-
out corrector algorithm, respectively. It is seen
that the algorithm is necessary to ensure a good
result, giving a steady error of 1.0% in voltage.

Without accounting for the delay, the voltage and
current simulated values do not reach steady state.
Instead, periodic oscillations associated with the
limit cycle concept are observed. The reference
(Buso and Mattavelli, 2006) gives more informa-
tion about limit cycle on digital control of power
electronics switched circuits.

5.3.1 Ripple measurement

In order to show how the ripple error depends on
the delay, the PWM frequency was changed to 5
kHz. By doing so, a duty cycle of 50% gives a
pulse width of 100.0 us, a value multiple of the
time step of 20.0 us, what makes the duty cycle
seen by the converter equals the real one.

Figures 14(a), 14(b) show current ripple mea-
surements. Equation 8 gives the expected ripple
value (Hauke, 2014).
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where Al;,q is the peak to peak current ripple,
Vin is the input voltage, D is the duty cycle, f; is
the switching frequency and L is the inductance
value.

An error of about 4.0% can be seen in cur-
rent ripple on the minimum delay instant and of
about 14.0% on the maximum delay. As the post-
switching iteration can not be corrected in real-
time, it is expected that this uncorrected value
causes an error in ripple, both in rise and fall
switchings.

Figures 15(a), 15(b) show voltage ripple mea-
surements. Equation 9 gives the expected ripple
value (Mohan and Undeland, 2007).

|

VroutD _ 1

AVour = f,RC ~ 4x5

=50.0mV  (9)

It can be seen a voltage ripple error of 12.0%
on minimum delay instant and 20% on maximum
delay.

It was observed that for voltage reference val-
ues which lead to PWM cycles less than one sim-
ulation period, the algorithm fails. In this case,
there is more than one switching event inside one
simulation period (a rise and a fall in PWM level),
so the algorithm should be able to account more
than one event inside one time step.

6 Conclusion

This work presents the development and imple-
mentation of a boost converter real time simula-
tor. Account for the switching delays is one of the
main challenges in real time simulation of switch-
ing devices. For doing so, this work implements
an algorithm which corrects the error introduced
by the delay between the real PWM signal and the
PWM as seen by the simulator, due to its discrete
nature. The boost circuit was modeled through
the differential equations of each possible mode,
and then solved by Backward Euler method. The
real-time platform is composed by two Texas In-
struments DSPs implementing both the converter
and its control system.

The implemented algorithm worked well as in-
tended and allowed for an increase in the converter
simulation time step to values which would previ-
ously yield wrong results. It was observed that
in both open and closed loops the delay have to
be handled for time steps greater than 5.0 us. It
was also seen that the present algorithm does not
work for duty cycles which leads to pulse widths
less than one simulation time step. For doing so, it

would be necessary to implement a multiple event
accounting algorithm, what is recommended as fu-
ture work.
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