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Abstract

This paper proposes a sliding-mode-based direct power control (DPC) method in a three-phase boost rectifier without the use of a

voltage sensor. This sliding-mode-based DPC is used to improve transient-state response characteristics. This DPC can eliminate

voltage sensors by calculating a voltage using a sensorless method, thus considerably reducing cost. This DPC first presents an
effective algorithm that does not significantly affect the previous performance and does not need a voltage sensor. Thereafter, the
effectiveness of the algorithm is verified by simulations and experiments.
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I. INTRODUCTION

A three-phase boost rectifier is widely used in obtaining DC
outputs from three-phase power systems and in linking
renewable energy outputs to the grid [1]. This rectifier can be
applied in many fields such as battery charging systems and
can be used in the inspection devices of inverters in electric
vehicles.

A three-phase boost rectifier enables control by using a
system that converts the AC voltage source to the DC output
by direct power control (DPC), which is an instantaneous
active and reactive power control [2]. Although DPC has an
excellent response speed by using the hysteresis controller,
DPC has difficulty in unstable states because of variable
phenomena resulting from switching frequencies.

To complement the switching frequency variable phenomena,
DPC is used in conjunction with space vector modulation
(SVM) [3]-[5]. The SVM method compensates for the
variation of frequency. However, the SVM method has
difficulties in reducing the response speed. To resolve this
problem, we used a sliding-mode controller (SMC).

SMCs, which are type of variable structure controller, are
nonlinear controllers that determine the sliding plane during the
structural change of a control system. SMC is a control method
that is necessary in improving transient-state response
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characteristics [6]—[8].

This paper proposes the sliding-mode based DPC method,
which allows control without the use of voltage sensors. The
proposed method reduces cost and achieves a fast response by
stabilizing the system with the gains of the PI controller of a
linear structure and the gains of the sliding mode of a variable
structure.

The proposed method focuses on the SMC, which offers the
compensation method with response speed, and the relation
between the virtual flux and power. A PI controller exhibits a
constant gain regardless of the size of the grid voltage but has a
drawback, namely, the slow response of the current output in
maintaining the output power during in grid voltage variations
[9]. To maintain the excellent response characteristics of the
DPC, an SMC with a variable gain is required. When using the
SMC, unlike the PI controller, the dynamic response
characteristic of the output current for maintaining the output
power is significantly improved [10].

This controller is designed to improve the performance of the
DC power supply system for electric vehicle inverter diagnosis
systems. Simulations and experimental results are presented to
verify the performance of the proposed SMC.

II. DESIGN OF SLIDING-MODE CONTROLLER

A. System Configuration and Sliding-Mode Control

Fig. 1 shows the system of a three-phase boost rectifier. A
three-phase boost rectifier consists of a power converter to
transfer the three-phase voltages to the DC-link voltage.
Moreover, i, i, and i, represent the currents of each phase.
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Fig. 1. Configuration of the three-phase boost rectifier system.

Power and DC-link voltage controls are performed efficiently
in the three-phase boost rectifier [11].

This paper uses DPC-SVM to improve the variation of
switching frequency. To have a better response speed, we use
the SMC.

The error between power and the power reference value is
expressed as follows:

ePs:PPJ_PI:\' (1)
er = QQs - Q;s

Sliding-mode planes are expressed by the Laplace equation
as follows [12]:

Sp, = ep, +k,s€p, s (2)
S 0s =€+ kbseQY

where k, and k, signify the sliding surface constants.

Sliding-mode planes consist of the sum of the error between
the power and power reference value, as well as and the error
of the differential value (Equation (2)).

When the sliding plane and differential value become zero,
the error value of the reference power and the actual power
converge to the sliding plane [13].

Gy =ep + Ky sat(e,,Sp,) (3)
G, = ey, + Ky sat(ep, Sy, )-

Kysp and Ky, represent the gain of the variable structure
control (VSC). The control input proposed in Equation (3) is
an applied form that comprises the control input of the
variable structure and control input of the linear structure.

To improve the response speed, the control input is
determined by multiplying the error value and function.

This method can use a stable and fast variable gain to
improve the transient-state response characteristics and
controller performance by compensating for the chattering
phenomenon promptly. This method demonstrates the benefit
of fast dynamic characteristics, which are also exhibited by
the DPC.

By using the control input (Fig. 2), the reference voltage of
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Fig. 3. Three-phase boost rectifier system as an imaginary AC
motor.

switching can be shown as follows:
Ve=(Kp, +K, /5)G,
= (KPq + K[q !'s){ep, + Ky sat(ep, Sy, )} -
Ve = (Kpy + K,y 19)G,

=(Kp + Ky /S){te\,

4)
+K VsQ Sat(eQ.\'SQ,\' )}
where Kp,, K}, Kps, and K, are the gains of the PI controller.

The SMC has the advantage of having active and reactive
powers with fast response speeds; however, the unstable
chattering phenomenon still occurs because of fast switching.
To improve this condition, the following functions are
applied:

In Equation (5), a, and a, are the constants of the functions
that are applied to the active and reactive powers, respectively.

By deciding the adequate constant, the chattering
phenomenon can be compensated [14].
1 epSp >y
sat(ep,Sp) =1 €pSp / epSp| < ay
-1 ep,Sp, <=0,
1 €pSos > Q, ©)
sat(ey,Sp,) = 10,50,/ 2, |egSol| <,
-1 €p,Sp, <—a,

a,>0,a,>0.

B. Stability Analysis of SMC
The output reference voltage can be expressed as Equation
(4). The output power obtained from the output reference
voltage is expressed as follows:
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where m,=KnE,/Ln,=K,E /L

Pgg lg™"g

m,=K,E,/Lin,=K,E, /L.

The error values of the active and reactive powers for
determining the stability can be rearranged as follows:

€ =€p,€) =€p

: R -
e, =m,e,—n.e —ZPPS—npku sat(epSp, ) — Py,

()

e.

3 = €pys €y =€,

0s

. R o
e, =me,—ne *IQQF”qkb sat(eQSSQS)fQZ)Y .

Equation (8) shows the error value multiplied to the sliding
plane for determining the stability of the chosen control
input:

_ 2 _ 2
SP.YI = €py + ka €pySCpys SQ.YI - eQ.v + kh erser . (8)

To find the gain value for stabilizing the system, the
Lyapunov function is used. The function is determined by
V,=58:,/2 and VQ:Sé“/z , and the equation for

Ps1

determining the control gain can be expressed as follows:

Vo =8p Spq =~k,n,Sp, —kn,e Ky ‘SPsI

a’’p

R .
—{k, (z Po— ka”pez —m,e, e, —(1+k, )ezz}SP.vl

>

== kanpSFZ’.\'l —-H, ‘SP.\'I

Vo = Spu Spu = ~hy1pS3 ~kyngesK o [Son ©)
—{k, (% Op—hynge, —mye,)e,—(1+k,)e 1S,
== IS o — Hy|Spy
where
H,=|k, (% P;,S - kanpe2 —m,e, Je, —(1+k, )ez2 + kanpelKVS,,

R .
HQ =k, (z QQ.V - kthe4 —mye, e, —(1+k, )ef + kthesKVSQ

At this instance, when V'P<() and [}Q<0 , the stable

variable gain value of the active and reactive powers can be

expressed as follows:
K> /(kn,e)
(10)
! (kynges).

ka (g f’;’s - kanpeZ - mpe2 )el - (1 + ka )622

K,

R .
yso 2 k, (z QQs - kthe4 —mye, e, —(1+ kh)ef

III. THREE-PHASE BOOST RECTIFIER SYSTEM
WITHOUT VOLTAGE SENSOR

A. Voltage Estimation

The general methods obtained by the values of the active
and reactive powers by using the relationship between the
voltage and current transformed to the d-q axis stationary
reference frame are expressed as follows [15]:

3 . . 3 . . 11
P2, 0= 30T, i V) an

The estimation of the voltage without the voltage sensor can
be expressed by using the following voltage equation:

E =19y (12)
=L

where V; denotes the output voltage generated in the direct
power controller.

The voltage is the sum of the differential values of the
current and output voltage.

B. Power Estimation

To estimate the active and reactive powers, we can create a
virtual flux, which is given by the relationship between the
voltage and flux [15]:

A =[E, di (13)

The virtual flux can be obtained by integrating the voltage.
The d-q axis flux applied to this equation is expressed as
follows:

Ay =[E,dt, 2 =[E,dt. (14)

To estimate the power and produce the necessary currents,
the d-q axis currents are applied. This method is expressed as
follows:

Ly = 3la_6lb_6lc‘ Ty 5

G, 5, &, . B, B, ()
b 2 c

where i, i, and i, denote the currents of each phase, and iy,
and i,, denote the d-q axis currents.

The estimated power equations by using the obtained voltage
and current are given by the following:

P=Re(E,,i’), O=Im(E,,i’)> (16)
K . .
where 1 denotes the conjugate line current vector.

The estimated voltage shows the equations related to the
flux and is expressed as follows:
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Fig. 4. Control block of DPC.
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a2,
dt

E i ={ I IOy = Ay i) (13)
d

’

The estimated active and reactive powers represent the
equations that are divided into the real and imaginary parts
related to the flux:

p di,| . di,| . i —ai)
=—21 i +— i +o(Ai —Ai
i | e g | e dr'ls ortds
! ‘ (19)
0 di,| . di| . i -2 i)
== Lt Ly Y O(Ayelye — Ayl )-
dr |, dt X v

When Equation (20) is replaced by Equation (19), the active
and reactive powers can be simplified into the equations
composed of the flux and current:

P= w(}“dfl:qs - qul:d.s-) (20)
O = o(Ayiy — Ayglyy)-

Fig. 5. (a) Virtual flux of d g-axis, (b) virtual flux angle, and (c)
grid angle.

Fig. 4 shows the control block of DPC. The three-phase
currents are transformed into d-axis and g-axis currents.
Thereafter, the virtual flux is produced to derive the power
calculation equation.

The DPC is the method wherein the active and apparent
powers are instantaneously controlled and the difference in
the value between the actual power and reference power is
used as the input of the controller.

The output voltage of the controller becomes the reference
voltage of switching. After the output voltage is transformed
into the three phase voltages, the output voltage performs
switching by using the space-vector pulse-width modulation.
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Fig. 6. Active power control by using a PI controller (overall
view): (a) active power control and (b) grid currents.
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Fig. 7. Active power control by using a PI controller (zoomed-in
at 0.5 s): (a) active power control and (b) grid currents.

IV. SIMULATION

The switching frequency is set to 5 kHz, and the DC-link
voltage is set to 700 V (Table I). The bandwidth applied to the
actual power calculation is 500 rad. The bandwidth of the PI
controller gain value is 4000 rad, and the VSC gains are 800
each. We used PSIM to simulate the algorithms.

Figs. 6 and 8 are the waveforms performed by the DPC
without voltage sensors. The reference active power is
maintained at 5 kW, increased to 10 kW at 0.5 s, and then
decreased to 5 kW at 0.6 s. Fig. 6 only shows the
conventional PI controller. The waveform below shows the
grid current waveform when being controlled. The current is
increased and decreased according to the reference power.
Fig. 7 shows the zoomed-in images of the waveforms at 0.5 s.
The reference active power is maintained at 5 kW and then
increases to 10 kW at 0.5 s. The transient-state response
characteristics can be closely observed.

Fig. 8 shows the method for improving the response speed
by adding the SMC. The waveform below shows the grid
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Fig. 8. Active power control by using a sliding mode (overall
view): (a) active power control and (b) grid currents.
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Fig. 9. Active power control by using a sliding mode (zoomed in
at 0.5 s): (a) active power control and (b) grid currents.

current waveform when being controlled. The current is
increased and decreased according to the reference power. We
conducted the control by changing the reference active power.
We then verify the enhancement of the response speed by
comparing the results shown in Fig. 6.

Fig. 9 shows the zoomed-in images of the waveforms at
0.5s. The reference active power is maintained at 5 kW and
increases to 10 kW at 0.5 s. The improved transient-state
response characteristics can be closely observed.

V. EXPERIMENTAL RESULTS

The experiments are performed by using the experimental
equipment (Fig. 10). This equipment is an experimental set
for the inspection devices of inverters in electric vehicles.
The proposed method was programmed on a TMS320F28335
digital signal processor. The experiment conditions are
performed under the same conditions as the simulation.
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Fig. 10. Expenmental equipment (40 kW)
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Fig. 12. Voltage of g-axis: (a) voltage sensor and (b) estimated
voltage.

Figs. 11 and 12 show the waveforms of the d-q axis
voltages. These waveforms are viewed through the
oscilloscope by the digital-to-analog function. The voltage
value from the voltage sensor is similar to the estimated
voltage.

Fig. 13 shows the waveforms presented as a virtual flux of
the d-q axis. The flux angle, which is identical to the grid
angle, is obtained by a virtual flux. A comparison between the
waveforms of the grid angle and estimated angle is shown in
Fig. 14.

Figs. 15 to 17 show the waveforms performed by the DPC
without voltage sensors. Fig. 15 only uses the conventional PI
controller. The reference active power is maintained at 5 kW,
increased to 15 kW, and then decreased to 5 kW. The
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Fig. 13. (a) Virtual flux of the d g-axis and (b) virtual flux angle.
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Fig. 14. (a) Grid angle and (b) virtual flux angle.
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Fig. 15. Active power control by using a PI controller (overall
view): (a) active power control and (b) grid currents.
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Fig. 16. Active power control by using a PI controller: (a) active
power control and (b) grid current.

reference active power is exhibited as a grid current
waveform when under control. Fig. 17 shows the method for
improving the response speed by adding the SMC.
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Fig. 17. Active power control by using a sliding mode (overall
view): (a) active power control and (b) grid currents.
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Fig. 18. Active power control by using a sliding mode: (a) active
power control and (b) grid current.

We have established control by changing the reference
active power have verified that the response speed of the
result shown in Fig. 17 is improved compared with the
response speed in Fig. 15.

VI. CONCLUSION

This paper proposes a sliding-mode based DPC without
voltage sensors to improve the performance of the controller
by using variable gain values that can stabilize the system.
The output voltage of the voltage equation is calculated by
setting the output of the power controller as the reference
voltage and realizing the DPC via the power equation that
uses the flux from the voltage. The proposed DPC has a faster
response speed than conventional controllers and exhibits
excellent performance and feasibility.
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