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ABSTRACT Power converters are a highly important technology [or power systems in electric vehicles
(EVs), as well as in the generation and utilization of renewable energy. However, controlled power converters
behave as constant power loads which directly affect the stability of the system. Therefore, this article
presents stability investigation of an AC-DC power system feeding a buck converter controlled by a sliding
mode controller. The stability analysis is conducted using the cigenvaluc thcorem and based on
a system mathematical model derived through a combination of the DQ and the generalized state-space
averaging methods. The theoretical analysis is verified through simulation on MATLAB/SIMULINK,
hardware-in-the-loop (HIL), and experimental testing. The results demonstrate that the considered system
exhibits instability due to the constant power load effect, which aligns with the theoretical predictions.
In addition, the variation of DC-link filter parameters directly impacts the system stability. The resulting
results provide useful insights for avoiding system operation at the unstable point and for designing the filter

when the system stability is considered. Furthermore, this study serves as a foundation for future rescarch.

INDEX TERMS Small-Signal Stability Analysis, AC-DC Power System, Buck Converter, Sliding Mode

Controller, Mathematical Modcl

I. INTRODUCTION

In the present and [uture, environmental concerns regarding
carbon dioxide emissions have significantly increased
the demand for clean cnergy sources. As a result, clectrical
energy, which is considered a clean form of energy,
has gained much attention. Consequently, power electronics,
especially power converters, have become essential
technologies. The power converters are widely used to
convert and control clectrical cnergy to  suitable
the requirements of various systems. One major application
is in electric vehicle power systems, including electric cars,
electric trains, submarines, and aircraft. The power
converters play a key role in converting power from cnergy
sources such as batteries or other sources into suitable for
system loads. They also control the speed of electric motors
for acceleration, braking, and speed regulation in driving
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systems [11, [2], [31, [4], [51, [6], [7], [81, [9]. Moreover,
the power converters arc crucial in the production and
utilization of renewable energy such as solar, wind, and
hydropower [10], [11], [12], [13], [14], [15], [16], [17].
These converters require controllers to cnsurc the output
signal meets the desired specifications. However, when
the power converters are controlled, they behave as constant
power loads (CPLs) that exhibit negative impedance
characteristics for the overall system. When the CPLs are
connected to the power system through a filter circuit,
their negative impedance reduces the damping ratio of
the filter. This can cause the instability of the electrical
system. The instability can damage the overall of the power
system or degrade the control performance [18], [19], [20],
[217, [22], [23], [24], [25]. Therefore, it is necessary to
analyze the stability of systems that include the controlled
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power converters. This can help to predict and avoid
the operating of the system at unstable points. Therefore,
this article presents the stability investigation of an AC-DC
power system feeding a buck converter controlled by sliding
mode controller (SMC). The AC-DC power system using
a three-phase bridge rectifier is considered because it is
commonly used in renewable energy applications at this
moment, such as wind and hydro turbines to generate
the clectricity [26],127], [28], [29],130], [31]. It is also found
in electric vehicle architectures, including the electrical
power systems of electric cars, electric trains, submarines,
aircrafl, and battery charging systems for electric vehicles
[32], [33], [34], [35]. For this study, the buck converter
controlled by the SMC behaves as a CPL, which dircctly
affects system stability. Therefore, the stability investigation
aims to predict the unstable points and investigate the effects
of DC-link filter parameter changes on the system stability.
The stability analysis is based on the eigenvalue theorem
using a mathematical model derived through a combination
of the DQ and generalized state-space averaging methods.
The stability results are verified through the simulation
on MATLAB/SIMULINK, HIL, and experiment in
the laboratory. All results arc consistent and confirm that the
system instability is caused by the constant power load
effect. Moreover, the variation of the DC-link filter
parameters also directly impacts the system stability.
The study results are useful for avoiding the operation at
the unstable points and can use for designing the filter in
terms of the system stability.

The key contributions of the article are the stability
analysis based on a resulting mathematical model of a
three-phase bridge rectifier feeding a buck converter
controlled by SMC and including the design of the SMC for
the considered system has not yet been published in existing
literature. Moreover, this study also fills a research gap

related to system stability in EVs and renewable energy
systems.

This article is structed as follow. In Section II,
a considered AC-DC power system is explained.Section IIT
presents the derivation of mathematical model and the SMC
design. The stability analysis and the effects of the DC-link
variation are investigated in Section IV. The validation
results and discusses are addressed in Section V. Finally,
Scction VI gives conclusions and suggestions for futurc
research.

Il. A CONSIDERED AC-DC POWER SYSTEM

The AC-DC power system considered in this article is
illustrated in Figure 1. The system consists of five main
parts. Part 1 is a balanced three-phase AC power source,
which generates balanced three-phase AC clectricity.
Part 2 is a power transmission line that delivers
the AC power to the Part 3 which is a three-phase bridge
rectifier, that converts the AC signals into DC signals.
Part 4 is a DC-link filter, which smooths and stabilizes
the DC output from the rectifier. Part 5 is a buck converter
that regulates the output voltage using the SMC. In general,
buck converters are commonly regulated using PI controllers
due to their simplicity in design and effectiveness in reducing
stecady-state error. However, PI controllers exhibit certain
limitations, particularly in scenarios requiring fast dynamic
response, where their performance may be inadequate [36],
[37]. For this reason, the SMC is chosen in this study
because it can provide fast dynamic response, allowing
the system to reach steady-statc quickly without stcady-statc
error. The system exhibits robustness, ensuring continuous
control performance even in the presence of external
disturbances or system parameter variations [38], [39], [40],
[41], [42], [43], [44], [45]. The buck converter, whether
controlled by the SMC or other controllers, bchaves as a CPL.

Part 1 Part 2 Part 3 Part5
= e e Y S e S =SS A e e S R e e e e 1
| |: | A | ” I: |
| } |Snlnce Bus AC Blns” :| |
| | R ch.a | | |
L 10 Vo A :I hor L !
} f=50 T Il : LYY, !
| i I I :
1 Regp Leg ! I o |
: T :: CA~ R LR
Il
{ Il :I :
| Req,c' LEILC ” |: |
| | |
| |
! I el | | I |
| II _l |: 6-pulse Diode |: Sliding Mode I
| I = ll. R Controller |
i I [—7
F——— . | U . .. A

FIGURE 1. Considered AC-DC power system feeding a controlled buck converter.
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The characteristics of the CPL are illustrated in Figure 2,
where an increase in load current leads to a decrease in load
voltage, and vice versa, in order (o maintain constant power.
This inverse behavior results in negative impedance, which
reduces the positive damping of the filter circuit. As a result,
his CPL behavior can cause the system instability. Therefore,
the stability analysis of the considered power system is very
important.

I’(I’L
exdtbrian
-
X Ban g
A ‘ CPL] CPL
e Iep,
l( PL

FIGURE 2. Characteristic of CPLs

lll. DERIVATION OF MATHEMATICAL MODEL
For stability analysis of the considered power system,
it is nccessary to derive a system mathematical modecl.
In this article, the model is derived using a combination of
the DQ and the generalized state-space averaging (GSSA)
methods. These methods can provide a time-invariant model
which is suitable for the stability study. The DQ method is
applied to climinate the cffects of the diode switching
behavior of the three-phase bridge rectifier [46]. Meanwhile,
the GSSA method is used to eliminate the switching effects
of the buck converter [47]-[48]. The model derivation begins
by considering the system without the controller. In this casc,
the SMC as shown in the gray area in Figure 1 is not taken
into account at this stage. The derivation is based on
the following assumptions: the power converter operates in
continuous conduction mode (CCM). The overlap angle is
less than 60 degrees and harmonics in the system arc
neglected.

For the mathematical model derivation, the considered
power system can be divided into five parts. Each part is
briefly described as follows:

A. A balanced three-phase AC source

The balanced three-phase AC source in the DQ rotating
frame is represented by (1) [49], [50], [51].

v, =\/§l’m cos(A+@—4,)

5 Q)
Vg = \/gl’m sin(2+¢-4,)
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where 77, is the peak value of the phase voltage, 4
is the phase shift angle between the source bus and the
AC voltage bus, ¢ is the phase angle at the AC voltage bus,
and ¢; is the angular position of the DQ rotating frame.

B. Transmission line

The voltage drop across the power transmission line
and the current flowing through the transmission line in
the DQ rotating frame, are expressed by (2) and (3),
respectively [49], [50], [51].

, d
AV = chld +ch Eld _(')qu]q

d (@]
AVyy =R, I, +L, ZI‘] twl,1,
1, =-0C,V, +CM(—1’V{,
p 6)
I, =0C,V,+C, EV"

where R.,, L., and C,, represent the resistance, inductance,
and capacitance of the transmission line, respectively. While,
@ is the angular frequency of the power source.

C. A three phase bridge rectifier

The three-phase bridge rectifier consists of six diodes.
After applying the DQ method, the three-phase diode bridge
rectifier can be represented as a transformer in the DQ
rotating [rame. The transformer ratios, here are Sy and S, can
be given in (4). In addition, the relationships between
the input and output voltages and currents of the rectifier arc
expressed in (5) and (6), respectively [49], [50], [51].

JS,, = ﬂsin(:}#qﬁl)
X 55 @
lSq = ‘—”-cos(¢—¢1)

E

de,1

=S osa ¥V osa ®

where Eq. is the output voltage of the rectifier excluding the
effect of the overlap angle.

(©6)

Lo =Sis
Imq :Sqldr

where I is the output current of the three-phase bridge
rectifier
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D. Open loop control of buck converter

In this section, the buck converter without the controller
is considered. This means that, the sliding mode controller
as shown in the gray area of Figure 1 is not yet included
in the analysis. After applying the GSSA mcthod to
eliminate the switching effects, a time-invariant model of
the buck converter can be obtained in (7) [49], [50], [51],
where d is the duty cycle of the converter.

=

]m,d

‘eq” bus,q

L Sd

-1

Q=

RC

(
1 ing

—

v,
oC, )V,

eq” bus,d

774
T

FIGURE 3. Equivalent circuit in the DQ

ing frame of the

To simplify the model, the angular position of the DQ
rotating frame is set equal to the phase angle at the AC
voltage bus (¢; — ¢) resulting in S, = 0 and I, = 0.
This condition eliminates the ¢-axis components of the three-
phase bridge rectifier. Therefore, the considered power
system without the controller can be simplified into an
equivalent circuit on the DQ rotating frame as shown in
Figure 3 . By applying the Kirchhoff’s laws to analyze
the equivalent circuit, a mathematical model of the system
is expressed by (8).

: R
In‘=_ = [d+{g]q_ilr;m,\.d+-l—\/§’:n C(’S()“)
T L, ., \2
; R, 1 oo 1 3.
I,=-ol, —qu —lem, +T 51'" sin(2)
o o o
. 1 323
=t Bl RN s
C., 2 zC,
| L 1 -0V,
bus,q T o 4 - bus d
7 ¢ ¢ ®)
. (B2, (enern) 1 rd
ld( = _—Ibru(]7—1(1< 7—,|h+ [L
2 7L, L, L, L,
1 d
Vo= Ly——1,
& * g,
d 1
FRE L e
L I, de I. o
poedy Ly
G RE
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power system without the controller.

E. SMC

For the considered system, the buck converter is used to
regulates the output voltage by using a SMC as shown in
the gray area in Figure 1. In this article, the sliding surface
equation of the controller is defined as a linear combination
of the system’s state variables as presented in (9) [52], [53].

S'=uae +be, +ce, )

where e; is the current error, e; is the voltage error, and e; is
the integral of the sum of e; and e> which contributes to
improving the system performance by cnsuring zero stcady-
state error. The e;, e>, and e; can be defined in (10), (11),
and (12), respectively.

=1 -1, 10)
e =V, -V, an
e, =J.(e, +e, )dt (12)

where /; is the reference inductor current which is calculated
from K( 7": - 1%), I is the inductor current of the buck
converter, I/, is the reference output voltage and V/, is the
output voltage of the buck converter.

Considering the sliding surface equation from (9) to (12),
together with the mathematical model of the buck converter

4
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in (7), and assuming the system is under control and has
reached the steady state, the output voltage of the buck
converter will achieve the reference voltage. This means that
the system operates along the sliding surface defined by
the sliding cquation. As a result, the valuc of the sliding
surface becomes zero (S = 0) as shown in (13). Based on this
relationship, the derivative of the sliding surface equation
also becomes 7ero (8= 0) as shown in (14) [52], [53].

S:[—a—h]|:,],}—ak'( )+mj.[(K+1 ]df 0(13)

S’:[—a—b][; }—aK(I Jem(K+1)(7-1,)-1,]=0 (14)

Referring to (7) and (14), after setting u., = d, the control
cquation of the SMC for the considered power system can be
obtained. This equation can be shown in (15), where a, b, m,
and K are the parameters of the SMC.

e T
ug,:l! a—,f /i+,/—}/ (15)
de de de

_ aRC+bL+alK +mRLC(-K —1)
- aRC
_ BLR+aLKR+mRLC
- aRC

_ mRLC(K +1)

~ 4RC

where

s

Therefore, after substituting ¢ in the uncontrolled system
model in (8) with u, from (15), a time-invariant
mathematical model of the considered AC-DC power system
shown in Figure 1 can be expressed in (16) and it is suitable
for stability investigation.

IV. STABILITY INVESTIGATION

This section presents the stability analysis to predict
the unstable point of the system. It also includes the analysis
of the DC-link parameter variations affect the system
stability. The analysis is based on the lincar system theory
using the eigenvalue theorem. It is noticed that
the mathematical model of the considered system given in
(16) is nonlinear. Afier applying the linearization technique
using the first-order Taylor’s series, a resulting of linear or
small-signal modcl for the considered system is obtained
in (17). For this model, A(xo,u0), B(xo,u0), C(xo,u0), and
D(xo,u0) are the Jacobian matrices of the system as detailed
in the appendix. Their values depend on the state variables
X, and the input variables u,, .
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aRCL,
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T akCC,

1 (BLR+alKR+mRLC| 1,V ((mRLC(K +1)
Ve aRCC, v, | arCC,
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aRCL

i (bLR+aLKR+mRLC)+I,* mRLC(K+1)) 1.,
i aRCL | arCe, L

(16)

{5;=A(x",u‘,)a'x+13(xo,un)(>‘u an

oy = C(x,,u,)0x + D(x,,u,)ou

The stability analysis of the linearized system using the
cigenvalue theorem can be investigated from the eigenvalues
of the Jacobian matric A(x,,u,) . The eigenvalues can be

calculated from (18).

det (AI-A)=0 (18)

where A is the eigenvalues of the system

Therefore, the system is stable il the real parts of
all eigenvalues are less than zero. This condition is expressed
in (19).

Re(k, )< 0 (19)

where i =1,2, 3,...
variables).

.0 (n is the number of the system state
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Based on the Jacobian matrix A(xo,u0) and the system
parameters specified in the appendix, the trajectory of
the dominant eigenvalues of the considered system when
the command output voltage of the buck converter increases
from 33 V to 45 V can be obtained as shown in Figurc 4.
It can be observed that when the output voltage of the buck
converter reaches 42 V, the power level of the constant
power load (Pcr.) is equal to 176.4 W. The real part of the
dominant eigenvalue becomes greater than zero at this point,
which means it lies in the right half of the s-plane. Therefore,
the considered power system becomes unstable when the
Pcpr exceeds 176.4 W

V_ increased
o

200 —— 1

k3 ® % = ®
\ \ ! \ "
X \

3v 36V REAY 42\ 45\
(108.9W) (129.6W) (152.1W) (176.4W) (202.5W)

50 4 Vi 7
-100 / / / /'/ 1
" " ¥
® 3 x|

-150

Imaginary axis (rad/s)

200 —_— 1
P py increased

b
4

-3 2 -1 0 1 2 3 4
Real axis (1/s)

FIGURE 4. Dominant eigenvalues of the system for the stability analysis.
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FIGURE 5. Effect on the system stability when the Cu is varied.
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As mentioned in the introduction section, the power
systems are typically connected to CPLs through filter
circuits. These filters can be designed or selected by
engineers. Therefore, studying the effect of filter parameter
variation on the system stability is important. It provides
useful information for designing and selecting filters
that take stability into account. The results of the stability
analysis when the capacitance value of the DC-link filter
(Cae) is varied arc shown with the instability linc of
Figure 5. It can be observed that when the Cy. are 940 pF,
1051.55 uF, and 1440 pF, the system becomes unstable at
the Pcpr equal to 129.6 W, 1764 W, and 211.6 W,
respectively. Therefore, it can be concluded that increasing
of the Cy improves the system stability.

The results of the stability analysis when the inductance
of the DC-link filter (L) is varied are shown as instability
line in Figure 6. It can be seen that when the Ly, are 57 puH,
40.78 pH, and 21 pH, the system becomes unstable when the
CPL values are 115.6 W, 1764 W, and 313.6 W,
respectively. Therefore, it can be concluded that decreasing
of the Ly allows the system to operate with more stable.
Engineers should be aware that increasing the L filter to
decrease ripple current may reduce the system’s stability in
terms of CPL effects. The validation of these analytical
results will be presented in the next section.

600 % T E - ' v . T
. Unstable 1
500 / Region
400 >
il Stable 4o
5 Reias”",
2 <313.6W.
S 300
%
0004.
,
200 R
<1764W
<I156W. o)
100 - et
0
0 1020 30 40 S0 60 70 80 90 100

L dc(mllj
FIGURE 6. Effect on the system stability when the L. is varied.

V. VALIDATION OF RESULTS

The wvalidation of the stability analysis results and
the confirmation of the system stability in this study are
carried out using three methods, here are the simulation using
MATLAB/SIMULINK, hardwarc-in-thc-loop (HIL) using
MATLAB with a DSP eZdsp-TMF28335 board as shown in
Figure 7, and the experimental testing of the considered
power syslem using a test rig built in the laboratory as shown
in Figure 8. In these tests, the SMC is programmed into
the cZdsp-TMF28335 DSP board with the sampling
frequency equal to 10 kHz
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system. (a) Overview of the simulation setup. (b) Process diagram of
simulation

(@ Buck converter
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() Balanced three-phase AC power supply
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FIGURE 8. Experimental rig of the considered system in the laboratory.
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The results from the simulation and the HIL confirming
the system instability are shown in Figure 9, while the results
[rom the experimental test are shown in Figure 10. From both
figures, it can be observed that when the output voltage of
the buck converter is incrcased to 42 V (corresponding to
Pcepr = 176.4 W) at t = 3 s., the considered system becomes
unstable. This instability is indicated by the increasing
oscillations of the voltage across the DC-link filter (V4),
which fails to scttle to a stcady-statc valuc. The results arc
consistent with the theoretical analysis as presented in
Figure 4, confirming that the instability of the considered
system is caused by the CPL eflect. The system becomes
unstable when the Pcp;,. exceeds 176.4 W.

T T T T
100 90w | 115.6W I 144.4W : e
2 85 ! %
P i | z
B85 g | Stable | »lel .| |
}
1 1 1 4 § 6
| | ] 1 |
; ; " . ;
| W | LS6W | 444w | 1764w | o
| | I | %
]
&
z
| o
! ! ¢ Ustabley | %
6

1444W

115.6W

176.4W

I

5]
S

ar oppL ="

Time(s)

FIGURE 11. Simulation results when C is varied
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The validation of the stability investigation when
the parameter Cq is varied through the simulation and
the HIL can be shown in Figure 11 and Figure 12,
respectively. It can be observed from both figures that in
when Cye is cqual to 940 pF, 1051.55 pF, and 1440 pF,
the system becomes unstable at the Pcpr values of 129.6 W,
176.4 W, and 211.6 W, respectively. These results match the
theoretical analysis previously presented in Figure 5 .
Thercfore, it can be confirmed that incrcasing of the Cic
improves the stability of the system.
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Figure 13 and Figure 14 present the validation results of
the stability investigation when the parameter g is varied
through the simulation and the HIL, respectively. It can be
observed [rom both figures that when Lg is set to 57 pH,
40.78 uH, and 21 pH, the system becomes unstable at Pcp;.
valucs of 115.6 W, 176.4 W, and 313.6 W, respectively.
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These results are consistent with the theoretical analysis as
shown in Figure 6. Therefore, it can be confirmed that
reducing of the Ly increases the stability of the system.
According to the entire of the study results, it can be
concluded that thc proposed stability analysis and
the investigation of the effects of DC-link filter parameter
variations on the system stability can accurately predict
the unstable point of the considered AC-DC power system.
In addition, the results provide the uscful information for
engineers, especially in designing and selecting the filter
circuits with proper consideration of system stability.

VI. CONCLUSION

This article presents a stability investigation of an AC-DC
power system feeding a buck converter controlled by a SMC.
The stability analysis using the eigenvalue theorem is based
on the mathematical model derived from a combination of
the DQ and GSSA methods. The analysis results are
validated through three approaches, the simulation using
MATLAB/SIMULINK, the HIL, and the experimentation in
the laboratory. The proposed model accurately predicts
the instability of the considered system caused by the CPLs
cffect. Additionally, the investigation for the variation of
the filter parameters effect on the system stability indicates
that increasing the capacitance of the filter or decreasing
the inductance of the filter enhances the system stability.
These findings provide valuable insights that can help avoid
system operation at the unstable points and guide the design
and selection of filter circuits when the system stability
due to CPLs is taken into account. However, the stability
analysis alone cannot restore stability once the system
becomes unstable. In most cases, the instability occurs
before reaching the rated power of the system. Therefore,
the future research should focus on instability mitigation
or stabilization methods that not only prevent instability
but also allow the system to operate up to its full power level.
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APPENDIXB
CONSIDERED SYSTEM PARAMETERS
SYMBOL VALUES DESCRIPTIONS
V. 40 Vspiase ‘Three-phase AC voltage source
w 2nx50 rad/s Frequency of three-phase AC voltage
source
Ry 0.0956 Q Resistance of transmission line
Leg 142.45 pH Inductance of transmission linc
Cey 20l Capacitance of transmission line
r 02Q Tnner resistance of DC-link filter
inductor
La 40.78 mll Inductance of DC-link filter
re 0.28Q Inner resistance of DC-link filter
capacitor
Cu 1051.55 pF Capacitance of DC-link filter
L 15 mH Inductance of buck converter
{64 1000 pI? Capacitance of buck converter
R 10Q Resistive load of buck converter
f 10 kHz Switching frequency of buck
converter
a 8.2575
b 79.5011
m 4918 Paramelers of sliding mode controller
K 49596
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Abstract

The proportional-integral (PI) controllers are widely used in many applications. However, the system performance is
occasionally undesired. The slowly dynamic response, the signal oscillation, and the vulnerability to disturbances can
occur when the Pl controller is applied. Therefore, this article presents the sliding mode controller (SMC) design for buck
converter fed by AC-DC power systems. The SMC is considered because of its merit including the rapid dynamic response
and robustness. The design process is based on a trial and error method. The intensive time-domain simulation using
SimPowerSystem™ on MATLAB and the experimental rig built in the laboratory are used for the controller performance
comparison between the SMC and Pl controllers. The results show that the SMC can provide the system responses better

than the PI controller in terms of rise time, settling time, undershoot, and overshoot.
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The Design of Sliding Mode Control for Buck Converter Connected to Three-Phase Bridge Rectifier

o quevius' qaudund uasdon’  noaviv 013¥ne’

I & a a s - o ) v, ,g
nadnimns sl ausdmnssumani sminedoma Tulagnszomnd 15UYI

‘andnimnsiuilhh dnindydmassumaad imninodomaTuladgsu Cor ding author : @sut.ac.th

@ 1
unnaeo

ihpiaaeamlasiumias dhiinmsa gy (Regulated Power
. Wity o : N
Converter) Tagminnldadaivizuue 9 edruminaio Tao
manimuitionlfzdhidainmuitle (PT Controller) Faluinania
o9z Iianssauzranouauoavasszuy hinhslawidosns
v ea iy Gt duae
saddhifinnnanudedesuniu daivunanmildinauens
i T 4 ) : F
00ANAINIUANTHUAMITIADY (Sliding Mode Control) FHT1
@ o o asice o -
esmdasviunuuiniiiundsiontuasesiGonszunaanla
_ Ve
niEad Taonoonnning 14355 qua1 (Trial and Error) Tums
mamsinesveadIn gL THuan s @ s tazn A0
AUTIAUZVDINITAINAUITOINOAITTIA0 AR IUA Al Tu
SimPowerSystem' " DU SIMULINK v03T15uniy MATLAB
) .
wounninauominfFoumionanssauzvoamsnanguio
szunlbhiifins aniimsnaugudredaniugu Tniamisaou iy

dnniquillo #maraniasaadonayasnuzmsanquuaa iy

4.1 w A e Aa v

mun mmumﬂmmmsmmmmniml:msmuqu’nﬁm]
o sy L : . & o2 . @ A
AIMIVAUN lonalundvessranaiiu (Rise Time) ¥90321Y

(Setlling Time) taznloFIFUAMIHUAY (Percent Overshoot)

Mdny: Aantug Tnuamaaou daniuquiile 2eesnlaiu-

mnnin
Abstract

Currently, power converters controlled by PI controller are widely
used in various systems. Hlowever, the PI controller cannot provide the
desired system responses sometimes and it also lacks of the disturbance
robustness. Therefore, this paper presents the design of sliding mode
control for buck converter connected to three-phase bridge rectifier. The
controller design is based on trial and error method. The simulation via
SimPowerSyslemm on SIMULINK/MATLARB is used for the controller

performance investigation. Additionally, the controller performance

comparison when the considered systems having the sliding mode
control and the PI controller is also presented. The simulation results
show that the proposed sliding mode control can provide the best output
performance compared with the PI controller in terms of rise time,

settling time, and percent overshoot.

Keywords: Sliding Mode Control, PT Controller, Buck Converter
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TsunsunmsAnunisivavesiaslniuay
nsmwIngEnsieumasEnindauaisuay vaussiuliihnssuaadiy

%NPUAAINITITLADIVDITEUY
Vs=40;

f=50;

Req=0.0956;

Leg=142.45¢e-6;

rL=0.2;

ru=(3*Leq*2*pi*f)/pi;

R=10;

Pload=(Vo/r2)/R;

Ptotal=Pload;
Z=sqrt(Reg2+(2*pi*f*Leq)"2);
Gamma=atand((2*pi*f*Leq)/Req);
Vbus(1)=40;

Lambda(1)=0;

es=1e-10;

k=1;

vo = (3*sqrt(3)*Vs*sqrt(2)/pi)*d
P_Total = (vor2)/R;

Q_Total = 0;

eaVbus = 1000;

ealambda = 1000;

es = 1e-10;

k=0;

eaVbus = 100;ealambda = 100;

es = 1e-10;

k=0;

while eaVbus>=es & ealambda>=es
if k~=0

du = Vs*cosd(r-lambda(k))/Z - 2*Vbus(k)*cosd(r)/Z;
DU = Vbus(k)*Vs*sind(r-lambda(k))/Z;
dv = Vs*sind(r-lambda(k))/Z - 2*Vbus(k)*sind(r)/Z;
DV = -Vbus(k)*Vs*cosd(r-lambda(k))/Z;
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Vbus(k+1) = Vbus(k)-(U*DV-V*DU)/(du*DV-DU*dv);
lambda(k+1) = lambda(k)-(V*du-U*dv)/(du*DV-DU*dv);
eaVbus = abs((Vbus(k+1)-Vbus(k))/Vbus(k+1))*100;

ealambda = abs((lambda(k+1)-lambda(k))/lambda(k+1))*100;
V_bus = Vbus(k+1);

L degree = lambda(k+1);

A = Vs-V_bus*(cosd(L_degree)-i*sind(L_degree))

B = Z*(cosd(r)+i*sind(r));

wahuanraTildanmsiumieIzvesiasiu-sdy
Idc = (pi/(sqrt(6)))*abs(A/B);

Vdc = (3*sqrt(6)*V_bus/pi) - 3*Leq*w*Idc/pi - rL¥Idc;
Vout = vo;

else

Vbus(k+1) = Vs*pi/(3*sqrt(3));

lambda(k+1) = 0.0001;

end

k=k+1;

end

%A1 A NLANNNTAUIMAEITURITIRU-5INEU

lambda = L _degree;
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Tsunsudmiunisiassaniunsaliuuansnislugy
YBITLUUNTARTUINM AT LD AN

wi3unldlaus3vedlusunsy

#include <stdio.h>

#include "SumDiff.h"

#include <rtdx.h>

#include "target.n"

#include <math.h>

%orMIUARILUS UATAENFUTEIFIUTH 1

double Vdc, Vo, Vref, iL, ueq, VL Present, VL_Old, VH Present, VH_Old, VBP, X1, X2, X3;
float a =8.2575,0=79.5011,m=4918,K=49596; %ﬂ'ﬂ‘wwm:ﬁLmai‘mmé’ammﬂumﬂm?{au
float R=10,L.=0.015,C=0.001; %AMM1515LA03UBINITHUAIRULUUTA

float wH=305.416, wL=76.354; %v"hﬂ’nuﬁé’manLazmﬂmuﬁéfﬂﬁw

float Kf = 0.2; %A1801ve18903waeg Ulaulunih

float Ts = 0.0001; //f1 Sampling time dwsuldmuiusuiuivaegudeuluni
%AuAYTEITUA Y IUVNTIINTUTUNTY MATLAB

RTDX_CreatelnputChannel (inputl);

RTDX_CreatelnputChannel (input2);

RTDX_CreatelnputChannel (input3);

RTDX_CreatelnputChannel (inputd);

%rurunteIdsdyanvIeenluglusunsy MATLAB

RTDX CreateOutputChannel(outputl);

void main(}{

%.UnNS UL UR YN

TARGET _INITIALIZEQ;

RTDX enablelnput (&inputl);
RTDX_enablelnput (&nput 2);
RTDX_enablelnput (&nput 3);
RTDX_enablelnput (&input 4);

%iansltuTesasdygIuvI0eN
RTDX_enableOutput (&outputl);
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%L"’TJ@I%Q'Umiﬁ‘hmmﬁiyiyﬂzumimmma&ﬁamuquiﬂmmsﬁau
while (1) {
%rinmuaiudsdmivinfuteyatiliandesdyauuitiannlusunsu MATLAB
RTDX read( &nputl, &/dc, 1 * sizeof(long) );
RTDX read( &input2, &Vo, 1 * sizeof(long) );
RTDX read( &nput3, &Vref, 1 * sizeof(long) );
RTDX read( &nputd, &L, 1 * sizeof(long) );

wrnmynevgUleuluni
VL Present = (Vdc*wH*Ts+VL_Old)/(1+wH*Ts)
VH Present = (VH_Old+VL Present-VL Old)/(1+wL*Ts);
VBP = (WH+wL)/WH)*VH_Present;
VL Present = VL _Old;
VH_ Present = VH_Old;

Wiy ansnUsYeIFinUAL AN ADY
X1=@*R*C+b*L+a*L*K+m*R*L*C*(-K-1))/(a*R*C);
X2=(b*L*R+a*L*K*R+m*R*L*C)/(a*R*C);
X3=(M*R*L*C*(K+1))/(@*R*C);
ueq =(Vo/Vda)*X1 - (iL/Vdo)*X2 + (Vref + (KF*VBP)/Vdc)*X3;

%L‘E"aulwmgﬂmiﬁﬂmm ”fgfgmmimuqmaaﬁamuqﬂwmﬂm?{au
while ( RTDX writing I= NULL )
{ #if RTDX_POLLING_IMPLEMENTATION
RTDX_Poll();
#endif}

%rvuniulsdmiuinfiutoyaliluredsdyauvieonludalusunsy MATLAB
RTDX write( &outputl, &ueg, 1 * sizeof(long) );}}
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Wsunsuasreaiesnmessssuulihinansanmedinugulnunnisideuninisdnulag

SufudmaregUleuluniiluueda DSP su TMS320F335

//GenldlausFvedlusunsa

#include "DSP28x_Project.h"

#include "DSP2833x_Examples.h"

#include "DSP2833x_Device.h" //"DSP2802x_Device.h"

#include <stdio.h>

#include <stdlib.h>

#include "lQmathLib.h"

#include "math.h"

#if (CPU_FRQ 150MHZ) // Default - 150 MHz SYSCLKOUT

#define ADC_MODCLK 0x3 // HSPCLK = SYSCLKOUT/2*ADC_MODCLK2 = 150/(2*3) = 25.0 MHz
#endif

#define ADC_CKPS 0x0 // ADC module clock = HSPCLK/1 = 25.5MHz/(1) = 25.0 MHz
#define ADC_SHCLK 0x1 // S/H width in ADC module periods = 2 ADC cycle
#define AVG 1000 // Average sample limit*/

#define ZOFFSET 0x00 // Average Zero offset

#define BUF_SIZE 1024 // Sample buffer size

//ivuaitsitudmiunisSendlusunsy
void InitePWM(void);

interrupt void cpu_timer0_isr(void);
void Gpio_select(void);

Uint32 EPwm1TimerintCount;

Uintl6 EPwm1 DB Direction;

//fvuadulsdmsufuaildsunnisuees ndayaradludii
float Voltage VR3IL;

float Voltage VR4,Vo;

float Voltage VR5,Vdc;

//ARUARILUT WaEATUAUTOIRIMUTNITITADIANN 9 V0958 UY

float set[]={10,20,30,33,36,39,42,45,48,51,54,57,60}; //ussnulniine1994
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float X1, X2, X3, ueg=0, VL Present, VL Old, VH Present, VH_Old, VBP;
float a =8.2575,b=79.5011,m=4918,K=49596; //ﬂ'ﬂ'W’mﬁLma%ﬁumﬁammﬂ%mmilﬁau

float R=10,L=0.015,C=0.001; //A1n1518wasvansasiiasiuwuuln

float wH=305.416, wL=76.354; //ﬂ'wmm?ﬁﬁmgau@smmmﬁﬁmﬁw

float Kf = 0.2; //Agnsveevesdivaeguiaulun

int i=0;

float Ts = 0.0001; //f1 Sampling time dwiuldmuiusuiuivaegudeuluni

void main(void)

1/ 3en et GPIO
Gpio_select();
IER = 0x0000;
IFR = 0x0000;

//\Ualdiu ADC

EALLOW;

SysCtrlRegs.HISPCP.all = ADC_MODCLK;

EDIS;

InitAdc();

AdcRegs ADCTRL1.bit. ACQ PS = ADC_SHCLK;

AdcRegs ADCTRL1.bit.SEQ CASC = 1; // 1 Cascaded mode
AdcRegs. ADCTRL1.bit. CONT_RUN = 1; // Setup continuous run
AdcRegs ADCTRL1.bit.SEQ_OVRD = 1; // Enable Sequencer override feature
AdcRegs. ADCTRL2.all = 0x2000;

AdcRegs. ADCTRL3.bit. ADCCLKPS = ADC_CKPS;

AdcRegs. ADCMAXCONV.bit. MAX_CONV1=0xf;

AdcRegs. ADCCHSELSEQ1.bit. CONVOO = 0x0; //A0

AdcRegs. ADCCHSELSEQ1.bit. CONVO1 = Ox1; //Al

AdcRegs. ADCCHSELSEQ1.bit. CONVO2 = Ox2; //A2

AdcRegs. ADCST.bit.INT_SEQ1 CLR = 1;

//3enldaiFudmSuasg ePwM
InitePWM();
DINT;
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/Suusannuivesuesalilnsreulnaiaes
#if (CPU_FRQ_150MHZ)
ConfigCpuTimer(& puTimer0, 10, 150);
#endif

CpuTimerORegs. TCR.all = 0x4001,;

EINT;

ERTM;

//MAUATOUNMIANNAEMT UL USN9Ble 9
for(i=0;i<=12;i++1

//dsdanaliihnlasuaneumesnsrainludsiu ADC

GpioDataRegs.GPADAT.bit.GPIO12 = |GpioDataRegs.GPADAT.bit.GPIO12;

Voltage VR3 = (AdcRegs ADCRESULT2>>4);
Voltage VR4 = (AdcRegs ADCRESULT3>>4),
Voltage VR5 = (AdcRegs ADCRESULT4>>4);

//wlasdayanailatihiifiu ADC sild Whduedyaalliinaie
IL=((Voltage VR3*3/4095)%(9.902))+0.0118;

Vo=((Voltage VRA*3/4095)%(135.32))+0.0739;

Vdc=(((Voltage VR5*3/4095)%(136.06))+1.1729);

//anunaivaeguleulumi

VL _Present = (Vdc*wH*Ts+VL_Old)/(1+wH*Ts)

VH Present = (VH_Old+VL Present-VL Old)/(1+wL*Ts);
VBP = ((WH+wL)/WH)*VH_Present;

VL Present = VL Old;

VH_Present = VH_Old;

//Amnadyanuminuauvesiiauanlnuamadou
Vref = setli];
X1=(@*R*C+b*L+a*L*K+m*R*L*C*(-K-1))/(a*R*C);
X2=(p*L*R+a*L*K*R+m*R*L*C)/(@*R*C);
X3=(m*R*L*C*(K+1))/(a*R*C);

ueq =(Vo/Vdc)*X1 - (iL/Vdc)*X2 + (Vref + (KF*VBP)/Vdc)*X3;

if(Ueq>=0.95){Ueq = 0.95;}
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iflUeg<=0){Ueq = 0;}
EPwm1Regs.CMPA half.CMPA = 3750-3750*Ueg;
1

//ilaifudwufimuauanvurves ePWM

void InitePWM()

{

EPwm1Regs. TBPRD = 3750;

EPwm1Regs. TBPHS.half. TBPHS = 0; // Set Phase register to zero

EPwm1Regs. TBCTL.bit. CTRMODE = TB_COUNT _UPDOWN; // Symmetrical mode
EPwm1Regs. TBCTR = 0x0000;

EPwm1Regs. TBCTL.bit.PHSEN = TB_DISABLE; // Master module

EPwm1Regs. TBCTL.bit.SYNCOSEL = TB_CTR_ZERO; // Sync down-stream module
EPwm1Regs.CMPCTL.bit. LOADAMODE = CC_CTR ZERO; // load on CTR=Zero
EPwm1Regs.CMPCTL.bit. LOADBMODE = CC_CTR_ZERQ; // load on CTR=Zero
EPwm1Regs AQCTLA.bit.CAU = AQ_SET; // set actions for EPWM1A

EPwm1Regs. AQCTLA.bit.CAD = AQ CLEAR;

EPwm1Regs AQCTLA.bit.CAU = AQ_SET; // set actions for EPWM1A

EPwm1Regs AQCTLA.bit.CAD = AQ CLEAR;

EPwm1Regs.DBCTL.bit.OUT_MODE = DB_FULL_ENABLE; // enable Dead-band module
EPwm1Regs.DBCTL.bit.IN._MODE = DBA ALL;

EPwm1Regs.DBCTL.bit.POLSEL = DB_ACTV_HIC; // Active Hi complementary
EPwm1Regs.DBFED = 20; // 10 = lusec

//HanFudnsunN1sInITag

interrupt void cpu_timer0_isr(void)

{

CpuTimer0.InterruptCount++;
GpioDataRegs.GPBTOGGLE.bit.GPIO32 = 1;
EALLOW:

SysCtrlRegs.WDKEY = OXAA,

EDIS;

PieCtrlRegs.PIEACK.all = PIEACK GROUP1;
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//sidudmIuimuanndnuasues GPIO

void Gpio_select(void)

{
EALLOW;
GpioCtrlRegs.GPAMUX1.all = 0x0000;
GpioCtrlRegs.GPAMUX1.bit.GPIOO = 1; // ePWM1A active
GpioCtrlRegs.GPAMUX1.bit.GPIO1 = 0; // ePWM1B active
GpioCtrlRegs.GPAMUX1.bit.GPIO2 = 0; // ePWM2A active
GpioCtrlRegs.GPAMUX1.bit.GPIO3 = 0; // ePWM2B active
GpioCtrlRegs.GPAMUX1.bit.GPIO4 = 0; // ePWM2A active
GpioCtrlRegs.GPAMUX1.bit.GPIO5 = 0; // ePWM2B active
GpioCtrlRegs.GPBMUX1.all = 0x0000; // GPIO functionality GPIO32-GPIO47
GpioCtrlRegs.GPCMUX1.all = 0x0000; // GPIO functionality GPIO64-GPIO79
GpioCtrlRegs.GPADIR.all = OXFFFF;
GpioCtrlRegs.GPBDIR.all = OxFFFF; // GPIO32-GPIOA4T are output
GpioCtrlRegs.GPCDIR.all = OxFFFF; // GPIO64-GPIO79 are output
EDIS;




