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Suppression of Chattering in the Real-Time
Simulation of the Power Converter
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Abstract—The achievement of the time-step below 500-ns in the
field-programmable-gate-arrays (FPGAs)-based real-time simula-
tion is of importance for the power converters having high switching
frequencies. However, most of the existing focus on addressing the
power converter modeling under the continuous conduction mode
(CCM). Nevertheless, toward practical applications, the modeling
of discontinuous conduction mode (DCM) with a light-load is of a
greater challenge due to the “chattering” around zero point. In or-
der to solve the chattering problem under the light-load, this article
proposes a zero-regulation (ZR) method for FPGA-based real-time
simulation. The proposed ZR method can not only represent CCM
and DCM with a unified formula but also solve the chattering
problem and improve accuracy and stability. In addition, results
using different switch models are also given to demonstrate the
feasibility and the generality of the proposed method. Finally, a case
study of the series load resonant converter is presented. Simulation
results are validated against a reference model at a 100-ns time step
and a 10-kHz switching frequency.

Index Terms—Chattering, FPGAs, power electronic system
modeling, real-time simulation.

I. INTRODUCTION

ARDWARE-IN-THE-LOOQOP simulation (HiLs) can pro-
H vide an effective form of testing and validation for the
power electronic system. Field-programmable-gate-arrays (FP-
GAs) in HiLs have permitted the simulation step below 500 ns
[1]. Such low time-step is of importance for the power converter
targeting switching frequencies in the range of 10-200 kHz
range. However, the modeling of power converter on FPGA is
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Fig. 1. Illustrative example of 4-QC with a light-load.

a challenging task due to the time-varying topology caused by
the ON/OFF-state change of the switching devices [2], [3].

In literature, there are three basic types of switching device
model: the R,,,/R,g model [4], [5], the associated discrete circuit
(ADC) model [6], [7], and the ideal switch function (ISF) model
[8], [9]. Although the switch models are different, the judgment
of the switch status is the same. If the switch device is the external
signal-controlled type, ON/OFF-status can be computed directly
according to gate signals. However, updating a diode’s status in
the natural commutation process has to depend on the sign of the
current or voltage at the switch terminals. Under the DCM, this
will cause problems when switches pass from ON state to OFF
state and the current is close to zero. Chattering (high-frequency
oscillation around the zero-crossing point) is prone to happen.
To illustrate this phenomenon, the four-quarter converter (4-QC)
with a light-load is shown in Fig. 1 as an illustrative example.

A. [llustration of the Chattering

In the example of 4-QC, no control signals are given to the
four switching devices, and 4QC operates as the uncontrolled
rectifier, in which the antiparallel freewheeling diode always
operate. If the value of i is positive, the current flows through
D;. Otherwise, Do turns ON. After implementing the model on
the FPGA board (National Instruments PXIe 7975R) utilizing
Forward Euler (FE) Method with a time-step of 100 ns, the
results of 757 are shown in Fig. 2, where Fig. 2(b) and (c) are
two zoom-in parts of Fig. 2(a).

InFig. 2, the current i, in either ISF model or R,,/R,g model
has high-frequency oscillation when i, is around zero. During
the chattering, the numerical results of ¢4, are always near 0 but
not “0.” The reason causing chattering can be explained by the
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Fig. 2. Results of current 757 in real-time simulation. (a) Simulation results

of current i51. (b) Zoom-in part of Chattering Zone 1 (ISF model). (¢) Zoom-in
part of Chattering Zone 2 (Ron/Rog model).

calculation of 741 using

fl (tn+1aisl) Zf isl (tn) >0
f2 (tn+177;sl) 'Lf isl (tn) =0 (1)
f3 (tn+1aisl) Zf Z.sl (tn> < 0

dig
Lg—— ~
sl dt

where f1 (tn,isl) = Us1 — R Zél -
and f3 (tn7 isl) = Us1 — Rsl 51 + Ucd-

Due to the change of the topology, the calculation of ¢; is
made up by three modes: two ON-modes (i5; > 0 or 5 < 0)
and one blocked-mode ( 757 = 0). At time step ¢,,+1 , if no
iteration process is used, the mode selection in (1) is decided by
the value of 741 (%,,) from last time-step %,,.

Assume that the 4-QC tries to pass from the ON mode
(is1(tn-1) >0, f1(tn-1,%51) < 0) to the blocked-mode at the
time step ¢,,+1, the value of i41(¢,41) calculated from the ON
mode f1(tn,is1) With i1 () is expected to be “0.” However,
under a fixed-step solver, it is impossible to get the exact ac-
curate result of “‘0.” As a result, i41(¢,41) keeps decreasing
(f1(tn+1,751) < 0) and changes directly to a negative value
rather than 0. In the next step ¢,2, the negative value of
i51(tn+1) will cause the mode entering ON mode (f3(¢5,+1,%s1))s
which will further bring about the sudden rise of 41 (£,,4-2). This
is the beginning of each chattering shown in Fig. 2 (b) and (c).

The major factor causing the chattering is the fixed-step
solver used in real-time simulation. In the offline simulation,
the variable-step solver can reduce the chattering by reducing
the time-step until the state variable lies within the band defined
by the signal threshold. But the real-time simulation works in
the fixed-step, which does not vary the size of the step.

To sum, the chattering is an undesirable phenomenon when
switch passes from ON state to OFF state under the DCM. It is
informally characterized by an infinite number of zero-crossing
events occurring in a finite time interval. Since the chattering
relates to the change of the circuit status in the blocked mode,
the chattering occurs no matter the numerical solver is explicit
or implicit.

Cd’ f2 ( 7l77;81) - 07
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B. Related Research

For the FPGA-based real-time simulation of power electronic
system, most of the literature focuses on the continuous conduc-
tion mode (CCM), in which the effect of the chattering around
zero is too small to notice. Few researchers have discussed the
chattering problem under the light-load condition.

In the literature, the iteration process is a possible way to
reduce the error during the “chattering.” In this method, the
iteration continues until the sign of the current and the voltage
at the switch terminals are the same [10]. However, the sign of
the current and the voltage is not always the same within one
time-step. As a result, the maximum iteration numbers must be
defined to avoid the overrun in the real-time simulations. The
iteration processes, on the other hand, limit the calculation speed.

The other method is the iteration-free process, which is more
suitable for real-time simulation. The method introduces the
high-impedance status in the switch bridge [11]. The method
forces the submodule (SM) of the modular multilevel converter
(MMC) to HZ for a single time point of the simulation if the HZ
state has not been properly captured at the zero-crossing of the
arm current during blocked-mode [11]. But the condition of the
blocked mode is actually a defined current bound, the value of
which is deduced from the specific topology of the SM in MMC.
Since the value is not small enough, this method is not general
enough for different topologies. And the implementation of the
high-impedance status needs additional equation, which is not
suitable for a unified formula simulating the whole system.

To illustrate and solve the chattering problem, this article
proposes a zero-regulation (ZR) method for the FPGA-based
real-time simulation of the power converter. The remainder
of this article is organized as follows. Section II presents the
zero-crossing method, as well as the improved results of the
4-QC model in Section I. Section III discusses the effect of the
chattering by using the series load resonant (SLR) converter as
a case study. Finally, Section IV gives the conclusion.

II. ZERO-REGULATION METHOD

To solve the chattering problem, this section first analyze
the pattern of the chattering. Based on this pattern, the zero-
regulation (ZR) method is then presented.

A. First-Point of the Chattering

Consider the finite-dimensional time invariant system given
by the ordinary differential equation (ODE) of the form

= [ (tn,2) @

where x is the state vector and f(¢, x) is the derivative function.
To describe different modes of one bridge in Fig. 1, (2) can
be rewritten by defining different switch status in the form

f1(tn, ) if g (tn,2) >0

=9 fo(tn, @) if g (t,2) =0 3)
fa (tn, ) if g (tn, 2) < =0

drn
dt
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Fig. 3.  Chattering point location.

where f1 and f3 are the function when the S1 or S3 turns ON
(CCM mode), f> is the function under the blocked mode, and
g(t, z) is the guard function.

The event of g(t,,x) changing its sign is referred to as a
zero-crossing. In practice, g (t,,2) = 0 can be approximated
with a defined neighborhood |g(t,, )| < «

dx,

(tn,z)if g (tn,7) >
&hn t,
dt

fi
=q fo(tn,2)if [g(tn,2)| <
f3 (tn,2) if g (tn, ) < —a.

Suppose t,,+1 and ¢,, are two points embracing the zero point
in Fig. 3. In the real-time simulation, if results are not obtained
from an iterative solution, at time-step ¢,,+1 , the previous time-
point of the simulation x,, instead of x,, 1 is used to identify the
boundary at which the change takes place. Assume g(t,+1, )
at time point t,,4 1 has the linear form

“

, X

g (tner,2) = Oy + D, )

Whereas the accurate value g*(t,+1, ) at the time-point
tp+1 has the form of (6) with x,, if £,4; is a point of
blocked-mode

tnt1
g (tpy1, 2) = Cxppr1+D = C (/ fa(t,2) dt+xn>
t‘n,

tn+1
+D = C’/ fo(t,x)dt + g (tpi1, ).
tn
(6)

The difference between (5) and (6) are errors between
g(tn+1,2) and g*(t,4+1, x) due to the step latency existing in
the calculation. If the condition |g(¢,,+1, )| < a canbe met, the
system will enter the blocked mode. Otherwise, the chattering
is likely to happen. For each chattering begins, the start-point in
Fig. 2 has one of the following two patterns:

D g(tnt1,x) > a && g(thte, z) < —a;

2) g(tnt1,7) < —a && g(tnia,x) > a.

To approximate the value of g(¢,,42, z) at the current step ¢,,,
the predictor—corrector (PC) method [12] is used

foJrl =Tp_1 +2h-f (tnflv xnfl)
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TABLE I
ZERO-REGULATION RULES AT TIME-STEP ¢,,

during the chattering

1-th Condition if Condition I if Condition II
) sgn(t,) =1 sgn(t,) =1
point Revised gntn) gn(tn)
t, Parameter *n =P =
" Xhe1 = =B =8
5th Condition if sgn(t,) == 18&& flag(t,,1) ==0
) sgn(t, =2
point Revised gnltnen)
Xn+1 = —Xn
thi1 Parameter » p
Xn+2 = "Xn41
out-of-chattering
sgn(tye) == 2 sgn(ty,) == 2
Condition if 4 9P (tpyarx) >0 if { 9P (tpyarx) <0
3-th g(tnss3,x) >0 9(tpe3,%x) <0
point sgn(t,) =3 sgn(t,) =3
thiz Revised
Xnt2 = @ Xn4z = —Q
parameter » 0
xn+3 =a JCn+3 =—a

In (7), the PC method calculates the predictor value z*
and the corrector x,, within the same time-step x,, [12]. Mean-
while, z,, 11 ~ foH. Thus, at time-step t,,, g” (t,,41, ) can be
obtained using (8) to replace g(,,42, ) in Fig. 3

g (tn-‘ran) = an-‘rl +D~ C(‘II’J:L+1 +D = gp (tn-‘rlv'r) .
(®)
Based on (8), the value of ¢(t,,x) and g”(¢,+1, ) can be
obtained at the time-step ¢,,, the start-point of the chattering can
be found. Accordingly, the conditions of the start-point can be
defined as:
Definition 2.1: We say that t,, is the start-point of chattering,
if
Condition I: gP(tp41,2) > a && g(tni1,2) < —a
Condition II: gP (t,1,7) < —a && g(tni1,2) > a.

B. Zero-Regulation (ZR) Method
Using (7), the solving of the system has the form

Tpo1+h- f1(tn,al) if gP (tn,z) >0 ©
Ty =
Tp_1+h- f3 (tn,LU:Z) if g? (tna m) <0
) xn71+2h'fl (tnflaxnfl) lfg(tnax) Z 0
€T =
et Tn—1 + 2]7' : f3 (tn—la xn—l) lf g (tna Jf) < 0
(10)

With 2 41 and z,, boundary conditions g”(t,41,2) and
9(tny1, ) can be obtained. Then, based on Definition 2.1, the
function flag(t,) is introduced to check whether ¢, is the
first-point of chattering

0, else
Flag (tn) = { 1, if Condition I or II. an
Based on the results of (9)—(11), the next step is to regulate
the values during the chattering. Once chattering happens at
the time-point ¢,,, zero-regulation rules in Table I are used to
revise the result of z? 11 and @, calculated by (9) and (10). In
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Table I, the function sgn(¢,,) is used to monitor the points during
the chattering.

At time step ¢,,, if flag (¢,,) = 1 (Condition I or I is met), x,,
will be recognized as the start-point of the chattering. sgn(¢,,) is
defined to 1, and x,, and xfl 1 are assigned to [ or-f3. So, at the
next step t,,+1, due to the opposite sign of fo 11 and z,, (9) and
(10) calculates 7 , , and 2,11 with different derivative function.
If flag (¢,,41) = 1 and ¢, is detected again as the chattering
point, the value of x,,11 and z} _, will be again assigned to -3
or ( again, and sgn(t,11) is 1.

However, there are two possible assignment for [x,,, xﬁ 1l
namely [3, -£], and [-f3, £]. It is impossible to know which
combination causes the next chattering. As a result, even if
flag (tp+1) = 0, xp,41 is still taken as the chattering point
as long as sgn (¢,) = 1. In this situation, the assignment of
Tpq1 and xb s opposite with z,, and 2%, |, but sgn(t,11) is
changed to 2.

Thus, at the time-step t,,., since the sign of 27  , and 41
are still different, the (9) and (10) still calculate ¥ Lzand T,
with different derivative function. If z,,49 is detected again as
the start-point of the chattering and flag (¢,,42) = 1, the value
of Z,,40 and % 3 will be again assigned to -3 or 3.

On the other hand, if flag (¢,+2) = 0 and the guard function
has the same sign, the out-of-chattering state will be checked.
Since no blocked-mode function fs(t,, ) is involved, errors
are prone to be introduced if ¢?(t42,2) and g(t,o,z) are
within the interval [—«, o] and have the same sign. To avoid this
error, the ZR method forces x,,1 2 and fo L3 toaor-aif the out-
of-chattering state has been captured. Unless the following point
(tn+3) do not meet the chattering condition (f (£,,+3) = 0), the
chattering loop breaks.

In this method, although the chattering keeps existing, the
value inside the chattering zone is regulated to -3 or 3. Be-
sides, compared with the traditional method using blocked-mode
function f5(t,,,x,) to simulate the high-impedance status, the
proposed method only utilizes the derivative function f1 (¢, 2,,)
and f5(t,, x,,) in the CCM mode and no blocked-mode function
fa(tn, x,) is used. It means that the proposed method is capable
of simulating the blocked-mode with the same function in the
CCM mode. This feature permits a unified formula to simulate
the whole power electronic system, which could largely simplify
the modeling process.

C. Parallel Implementation Structure on FPGAs

To sum up, the proposed ZR method consists of three parts:
the prediction solving process (9), the correction solving process
(10), and the zero-crossing unit (11) and Table I. Once chattering
happens, the values in the prediction process x,, and the correc-
tion x¥ , are regulated by the zero-crossing unit to the value
of /3, which is negligible enough to be ignored. Fig. 5 is the
corresponding FPGAs structure.

In Fig. 4, the implementation of (9) and (10) is following the
general structure summarized by [13]. Due to each variable in
(9) and (10) is independent, the (9) and (10) can be calculated
at the same time. Besides, since no math operation is involved,
the zero-crossing unit would not ruffle the overall calculation
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Fig.5. Results of i51 on FPGAs with the proposed ZR method (a) ISF Model.
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speed. Benefiting the parallel structure and the simple structure
in the zero-crossing unit, the proposed method has almost the
same speed as the Forward Euler (FE) method.

D. Improved Results of the 4-QC Under ZR Method

After adding the proposed zero-crossing method to the 4-QC
study in Section II, the results of current i4; in the ISF model
and the R,,,/Rog model are shown in Fig. 5 .

In the 4-QC modeling with the proposed ZR method, S in
(12) and (13) is set to le™ (A) and the o in (11) is le ™3 (A).
Compared with Fig. 2 , the values of chattering zones in Fig. 5
only have two values: le*(A)or—le * (A). Despite the switch
still oscillates between ON and OFF, the effect of the chattering
is limited to a value that can be truly “neglected.”

Fig. 6 is the absolute error of U,, with/without the proposed
ZR method with the MATLAB/Simulink as the reference. In
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the ISF model, when the diodes operate in the blocked-mode,
the error in the model without the zero-crossing method can
reach 5% while the error in the model with the zero-crossing
is less than 0.2%. And in the R,./Rog model, with the pro-
posed zero-crossing method, the error is reduced from 20%
to only 0.3%. From the comparison, it can be seen that the
accuracy of the model with the zero-crossing unit is greatly
improved.

III. CASE STUDY

The other case study is the series load resonant (SLR) con-
verter shown in Fig. 7(a) with a resonant tank (L,. and C,.) [14].
An open-loop control frequency fs of 10 kHz and dead-time
of 500 ns is used to trigger the switch S1, S2, S3, and S4. The
open-loop control method ensures that the error comes from the
modeling part.

Fig. 7 (b) is the NI PXIe Platform we used for the implementa-
tion of the proposed ZR method and the case study. It has FPGA
module (NI 7975R) and an adapter module (NI 5741) to output
the analog signals and the digital signals. The used FPGA is the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 10, OCTOBER 2021

Kintex-7 XC7K410T, which contains 508400 Slice Registers,
63550 Total Slices, 254200 Slice LUTs, 795 Block RAMs, and
1540 DSP48s [15].

A. Real-Time Simulation With ISF Model

In the ISF model, the switch’s status is defined by the switch
function S; (¢ = 12,34) and D;. During the natural commuta-
tion process, as shown in Table I, the value of the switch function
at the time step t,, is decided by the predictor value iIL’T (n) and
the corrector value i,,.(,—1) calculated from last step ,,_1. As a
result, the guard function is g (t,11,9L,r) = iLr(n)-

According these switch functions, the nodal voltage Usg, Uyg
and the branch current /; can be obtained by

U:fo(n) = uge (S7 — S%)
UéfO(n) = ugo(n) (DY — D¥)
bam) = a1y T am) = ey D1 — i0poyP1 (12)
U30(n—1) = Ude (S1 — 53)
Ugo(n—1) = UCo (D1 — D3)

la(n—1) = Lr(n-1) D1 — t0r(n-1)Ds. (13)
And the calculatioin of 77,,. and uc¢, is as follows:
diLr
rgp T U =Usp — Ui —ucr
ducy . .
Ucr % =1cr = lLr
duc, . . Uco
U —— =tico =iqg — . 14
7 ic ig R, (14)

The discretization formulation of (14) using (9) and (10) can
be derived as follows:

. , 2%

ZLr(n+1) = 1Lr(n-1) + L_r ULr(n—1)
. . h p
“r(n) = Ur(n=1) T\ T | Vir(n)

Uer(n+1) = UCr(n-1)

Y\
UCr(n) = UCr(n-1) 7, ) "t

u%o(n-{-l) = UCo(n-1) +

UCo(n) = UCo(n-1) + <Li> iCon): 13)
After modeling, the whole model is implemented with a
single-cycle time-loop (SCTL) on the National Instrument (NI)
shown in Fig 7 (b). The SCTL executes all functions inside
within one tick of the FPGA clock [15], [16]. Based on Fig. 4,
the implementation of the above equations is shown in Fig. 8.



LIU et al.: SUPPRESSION OF CHATTERING IN THE REAL-TIME SIMULATION

( Single Cycle Time-loop )

(SCTL) (100 -ns)

Predictor Value —

p
Corrector Value — History Values Xl

Logic Signals Update — |z |
Uco(n-1) Uer(n-1 . )
lir(n-1 Uy | [lirn+1
P r
Ugo(n)  Uern) .p
ila 5 Zero-crossing |, (1)
Open Loop Unit ]
| PWM H Dead-time| [Read PWM Signalg Table Il [ jjy(r)
F ) Port Curret/ | ) §
5T : s/sipip!| Voltage Uy Ul c IS'mle.
. i | Switch A Calculation 1 alcuatiion u’,
AAAPA S 1) Update [s, 51 Bup| B (141 [Us Usy) Ba-0708) e
CE 1| R 1 S:D1D; 3 S P de e ul
VIV VA vy AL Eqaoy | % [E40708) UW'"*H
. . - er(n) U
Control Part )| Eq.(14)(15) Ideal Switch Function Model o Seote)
\_ Eq.(19) (20) R,/R,r Model p,
Fig. 8. Implementation on LabVIEW FPGA.
o w" - ® Forward Euler Method
S L
e 2.60% 1 u 5 iterations
5 e _IHgg. = ZR method
Block RAMs 1042
B 17.70%

Slice Registers

LB

Step (-us)

0 0.05 0.1 0.15 0.2 0.25 0.3 035 04 045 0.5

Fig. 9. Resource utilization of different solving methods.

The whole model modeling has three sequential steps. First,
the driving signals, the predictor iy, and the corrector
iLr(n—1) determine the switch status in the correction process
and the prediction process. Then, utilizing the corresponding
switch function, the nodal voltage and the branch current will
be calculated by (12), (13) and (15), (16). At last, the current
results 4,y () and Py, (y41) are checked by the zero-regulation
rule summarized in Table 1.

To show the feature of the proposed ZR, FE method and
Backward Euler (BE) method with five iterations are compared
from the aspect of calculation speed, FPGA resource utilization,
and the simulation accuracy with the MATLAB/Simulink results
as the reference.

In Fig. 9, the time-step in the FE and the proposed ZR
method can reach 100 ns, while the BE with five iteration
is 500 ns due to the five-iteration procedure. And since the
proposed zero-crossing method utilizes the prediction process
and the correction process to regulate the chattering situation,
the DSP48s is doubled to 2.6% while the FE method is only
1.3%. From the comparison in Fig. 10, the proposed ZR method
is able to achieve the same calculation speed as the FE method
but requires double DSP48s resources than the FE method.

Fig. 10 presents the results of iz,.. In Fig. 10 (a), when R, =
1 €, there is little difference among FE, BE, and the proposed
ZR method. When the value of R, increases to 20 €2, the current
is discontinuous. Oscillation in both FE and the iteration method
exists but the range of the oscillation is relatively small, and
sometimes can be neglected. However, in Fig. 10 (c), when R, =
80  and the current . is around zero, the oscillation in the FE
and the iteration method is too large to neglect. Fig. 10 (d) is the
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result of the proposed ZR method and the reference when iy, is
around zero. Compared with the FE and the iteration method, the
proposed ZR method regulates the current oscillation to -1e ™
(A), which are small enough to be neglected.

For FE and iteration methods shown in Fig. 10 , high os-
cillation exists when i, is close to zero and the load is light.
Although the system can work normally during chattering, great
errors are likely to be introduced to the system and cause a
potentially unstable problem. To further illustrate this side effect,
simulation results of uc,. and uc, on FPGAs are shown in
Fig. 11.

In Fig. 11 (a) and figl 1(b), it can be noticed that the iteration
method is more accurate than the FE method. However, when the
load R, is light and reaches 80 (2, huge differences among FE,
the iteration method, and the reference model can be observed
in Fig. 11(c). But by regulating the chattering value when the
current is around zero, the proposed ZR method always keeps
high consistent with the Simulink model no matter how the load
changes.
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TABLE II
SWITCH FUNCTION DESCRIPTION

iy S, s s s b D' Dy D}
iLr(n—l) <0 1 - 0 - 0 - 1 -
lren =0 0 - 0 -

Pm<0 - 1 -0 - 0 - 1
Iy <0 - 0 - 1 - 1 - 0
TABLE III
SWITCH FUNCTION DESCRIPTION

Iy sign R R?l Rs, Rgz Rs3 R§3 Rsy R&
I <0 R Ron Ror - Ron
Lr(n-1)
>0 Ron Roff Ron - Roff -
Vi <0 - Rﬂff - Ron - Rﬂff - Ron
Lr(n) R R
>0 Ron off - Ron of f
Iy sign. Rpy  Rp,  Roa R}, Rps Rp;  Rps Ry,
I <0 ROff Ron Rfo - Ron
Lr(n—-1)
>0 Ron Rosr Ron - Rosr
P <0 - Roff - Ron - Roff - Ron
Lr(n) > R R
=0 Ron off 3 Ron off

B. Real-Time Simulation With R /R, Model

Inthe R,,,/Rog model, the switch’s status is judged by Table I1.
Utilizing the modified nodal analysis, the calculation of the
status of the whole system is shown in Table III. The guard
function is g (tn11, Ir) = Irr(n)

V, J,
A Sl= 22 16
v 2] 1] (0
where VI = [y Vo Vs Vi Vs Vs, 15 = [ 14]
JE=1000iL, i, 00] , Vi, = [ Vae tico |
v, 0
| Ay, r [1-1000 0
Av=1_0 Yoz ’Aw—{oooml]
i AL 0
r_1 1 1
R T Rs N 7
Ynl = 01 Rs2 +1R_s4 1_Rsz 1
I “Re: Fsi | Res
ro1 1 1 1
Rp: 1RD2 ) RDl1 R1D2
Yn2 = —RlDl Rp1 +1 Rps L "R, .
L " Rp2 "R, RD2+R_D4

In the real-time simulation, the calculation of the inverse
matrics is too complex to implement. To achieve an ultrafast
calculation speed, all the possible results of the inverse matrices
are precomputed and stored in the FPGA. So, after obtaining the
results of the inverse matrix Ajvl, the status of the whole system
can be calculated as follows:

e

a7
Iw(n)

In(n) ]
sz(n)
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Iw(n+1) V;w(n)

Using the zero-crossing method proposed, in one bridge, there
are only two possible combinations for the switch [ON, OFF| or
[OFF, ON] and the high impedance status [OFF, OFF] is elimi-
nated. As aresult, in A, results of (RLS1 + ),
(RllDl + RLDz) and (11%1D3 i ] i R:(l)n +
Roff.) rather than (7"— + rff). This will largely reduced the
requirement of the storage room.

After obtaining V3, Vs, and 14, (15) and (16) can be reused
to calculate the voltage/current status of the system. The imple-
mentation structure on the FPGA board using Labview is also
based on Fig. 9, where the results of A]’\,1 are stored in a look-up
table and searched by the sign of current /7,,- and driving signals.

Under the SCTL of Labview FPGA, the time clock of 100 ns
can also be met. It means that the total calculation time of the
SLR converter case study in R,,/R 5 model is less than 100 ns.
The FPGA compilation results are shown in Fig. 12. And the
simulation results of iz, uc,, and uco under different loads
are shown in Figs. 1 3 and 14.

In Fig. 12, both FE method and ZR method can meet the
time-constraint of 100 ns, while the iteration with five times
needs 500 ns to finish the calculation. Compared with the FE
method, the DSP48s in the proposed ZR method is 4.8%, which
is twice as much as the FE method (2.4%).

In Figs. 13(a) and 14(a), when R, = 1 €2, the FPGA’s simu-
lation results of FE, iteration methods, and the proposed method
using Ry, /Rog model have a high agreement with the reference
model. As the load R, increases to 20 2 [see Figs. 13(b) and

1 ) ( 1 1
) Rs2/’*Rs3 Rsa
+ &) are always equal to (
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14(b)], the relative error of iz, uc, and uco in the FE and
the iteration methods in augments but still acceptable. However,
in Figs. 13(c) and 14(c), when R, = 80 2 and the current i,
is around zero, huge errors exist in the FE and the iteration
methods while the proposed zero-crossing method can keep high
agreement with the Simulink model. In Fig. 13(d), the chattering
in the proposed method is regulated to -le™* (A) and le * (A).
Compared with the reference model in the Simulink, the value
of oscillation can be truly neglected.

C. Summary and Comparison

Regarding the implementation, at time step ¢,, since each
variable [x,,_1, 2P] in (12)—(15), (17), and (18) can be known
from last step t,_i, the calculation of z,, in the correction
process and x| in the prediction process can be calculated
at the same time. This independent feature can be easily tailored
for the parallel calculation on the FPGAs, the implementation
of which is referred to Fig. 5 . Besides, (12)—(15), (17), and
(18) are equations in the CCM mode without introducing DCM
mode equations considering the discontinuous conditions, the
proposed ZR method allows the unified formation simulating
the whole system.

Regarding the FPGAs resource utilization, due to the different
calculation formation in ISF model and R,,/R,z model, the
FPGAs resources required are different. R,,,,/R ,srmodel requires
more math operations and occupies more FPGAs resources than
the ISF model. However, the similarity in Figs. 9 and 12 can
be summarized as follows:

1) Compared with the FE method, the proposed method

doubles the DSP48s resources.

2) The proposed ZR method could achieve the same calcu-

lation speed as the FE method (100 ns).

3) The proposed zero-crossing regulation rule can be used in

both ISF model and R,,,/R,¢ model.

As for the simulation results, in Figs. 5, 10, and 13, the
proposed ZR not only provides accurate results in both the
high-load condition and the light-load condition. Compared with

11951

Figs. 6, 10(d), and 13(d), it can be found that, in Figs. 6 and
13(d), the regulated value during chattering is the repeating le~*
(A) and -1e™* (A) while in Fig. 10(d), the regulated value in
Fig. 10(d) is —le~* while Fig. 13(d) is —le*. It means that for
different topologies and switch model, the condition triggering
the chattering is possibly different.

IV. CONCLUSION

In this article, a zero-regulation (ZR) method for FPGA-based
real-time simulation is proposed to build the model of the
power electronic system and solve the ‘“chattering” problem
under the light-load. The proposed method has two independent
calculation processes: the prediction process and the correc-
tion process. By combing the CCM model function with the
zero-regulation method to simulate the blocked-mode, the pro-
posed method allows a unified formula simulating the whole
system.

Performance evaluations on different switch models (ISF
model and R,,/R,; model) using SLR converter are carried
out. The proposed zero-crossing method prevails the method
without the zero-crossing while keeps the same calculation
speed as the FE method. Using the proposed method, the total
calculation time of the case study is only 100 ns under the
SCTL of the LabVIEW FPGA. When the converter operates
with a light-load, the proposed ZR method can regulate the
current to —le™* (A) or le™* (A). Thus, the oscillation can
be truly “negligible.” Compared with the FE method or BE
method without using zero-crossing, the accuracy of the ZR
method is largely improved. The application on the ISF model
and R,,/R,; model also shows the generality of the proposed
method.
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