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Abstract: In the hybrid multiple H-bridge topology of beam supply, the load change of a
DC/DC full-bridge converter can greatly affect the output voltage during onsite operation.
An improved sliding mode control (SMC) strategy is thus proposed in this paper, where
the rate of switching control is added to the law of system equivalent control to create
a law that can realize a complete sliding mode control. Considering the special operating
conditions of the load can have an influence on the performance of the controller, the impact
of uncertainty existing in onsite conditions is suppressed with the proposed strategy utilized.
The validity of the proposed strategy, finally, is verified by simulation, which proves the
outperformance of the system in both robustness and dynamics.
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1. Introduction

With the rapid development of high-power ion-electric propulsion technology in China, the
power level of the power processing unit (PPU) of the ion thruster is getting higher and higher, and
the high-efficiency, high-density beam supply has become the development direction of the PPU.
The beam supply is the core component of the PPU. Therefore, designing a suitable beam supply
is the key to achieving a high-efficiency and high-power ion PPU. It’s of great significance to
study the control of beam supply for the rapid development of high-power ion-electric propulsion
technology in China [1-2].
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At present, the beam supply usually adopts a phase-shifted dual-bridge converter structure, and
scholars mainly focus on the transformation of circuit topology structure [3—4]. For the design of
a beam controller, the classical PID control theory method of voltage and current multiple closed
loop is usually adopted [5]. In the actual engineering control of the beam supply, the robustness
and dynamic performance are poor. Sliding mode control (SMC) has the advantages of fast
dynamic response and simple application, especially suitable for variable structure systems with
strong robustness and fast dynamic response. The difference between the SMC and the traditional
PID control method lies in the discontinuity of the SMC. The principle is to guide the state
trajectory of the system at any time to a preset slip under the action of a continuously switching
control law. When the state trajectory of the system reaches the sliding mode switching surface,
it will be limited to the sliding surface and converge to the equilibrium point for a limited time.
The beam supply phase-shift full-bridge converter continuously switches the on and off states
of the switch tube, which is a strictly variable structure system and highly compatible with
the principle of sliding mode variable structure control. The literature [6] proposed the control
strategy of the sliding mode controller, so that the system has good response speed. The literature
[7] proposed a full-order sliding mode control strategy to track the output voltage, which is
robust to the uncertainties of the system and has a good transient response. In [8], the voltage
control mode, current control mode and the SMC mode were compared to obtain the strong
nonlinear characteristics of SMC. In [9], an indirect multiple-loop sliding mode control method
was proposed for boost circuits. In [10], a hysteresis-based SMC method was proposed, and the
relationship between the switching frequency of the buck converter and the hysteresis width is
derived.

After the traditional control is designed, the parameters are fixed and the adaptability is
poor. In the actual system, the system status and parameters change randomly/frequently/largely,
reflecting the uncertainty of the power system. It is difficult for the controller to achieve the
best control effect. Sliding mode control can overcome the uncertainty of the controlled system,
especially for the interference dynamics. Moreover, for the SMC of the DC/DC switching power
supply, the method proposed in the above literature is rarely involved in the full-bridge conversion
circuit, and the problem of the influence of the load variation on the output voltage is not solved.

This paper proposes an improved SMC control strategy to achieve automatic tracking of the
reference voltage. It has better anti-interference ability, ensuring the system has good dynamic
characteristics and strong robustness. Firstly, for the dual-mode control system of beam supply,
a new type of beam supply topology of a hybrid multiple H-bridge is designed. Secondly, the
small-signal model is established to obtain the system state-space equation. Then, based on the
equivalent control law of the system, the switching control rate is added to form a complete
SMC law. Finally, the effectiveness of the proposed method is verified by comparing it with the
traditional PID control under abnormal conditions.

2. Converter topology and working principle

2.1. Topology of the converter

For the new beam supply topology, as shown in Fig. 1, the switch tubes Aj—A4, B1—B4
form a new hybrid multiple H-bridge structures, the inductor Ly and the capacitor Cy form an
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output filter network, V, is the output voltage of the load, diodes Dy, D, and D3 constitute
a secondary side rectifier bridge. The primary and secondary side transformation ratios of the
isolation transformers 7 and 7, are K = 1:10, this structure can effectively reduce the current
and voltage stress of the switch tube, and can solve a wide range of output voltage problems.
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Fig. 1. New full-bridge converter circuit topology
2.2. Working principle

First assume that all switches and diodes are ideal, and each transformer has the same turns
ratio. The system has the following modes:

Mode 1: Ay, A4, and By, By are turned on, the input voltage begins to shift to the corresponding
secondary side, becoming Tl’ and Tz’ ; the primary currents Ip; and Ipy of T7 and T; increase
linearly, as shown in Fig. 2, diodes Dq,1, D1,1 and D>, Dy, are turned on. Dy, participates in
power conversion to the anode voltage above the cathode voltage of D j, which causes the diode
to reverse block. When Tl' and T2' in the in-series mode as well as, D paths are not conducting,
then the final output voltages are 2 times of 7 rectified, and it is denoted as 2V,,.

Mode 2: mode 1 lasts for a short time. When D | and D, are off, Do and D5 ; are still on,
Ip1 and Ip; keep increasing, and the output voltage V, is Tl’ and T2’ at this moment. The sum is
shown in Fig. 3.

I,

ko Ly
where Vj, is the input voltage of the converter and V,, is the output voltage; V,,; and V), are the
voltages of the secondary sides 7| and T, respectively. Vp,,, Vp,,, Vb, > Vp,,> Vp,, are the
turn-on voltages of the rectifier diodes.

Vi
In=Ipn==2+="  Vo=Vict + Vi = Vo, = Vs =2 (Vaee1 = Vg, ) (1)
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Fig. 3. Mode 2 process diagram

Mode 3: when A;, A4 are closed and B, B4 are still open, the primary side current of
transformer 7' begins to decrease, and the inductance of the resonant tank transformer generated
by the primary side leakage inductance is expressed as L, the capacitance of parasitic resistance
Al, Aq as Coss. When Ve remains unchanged, Viec 1 will decrease from kVj to Vp, , less than
Viec 2, causing diodes Dg, 1 and Dy > turned off, D11 and D5 to be turned on, as shown in Fig. 4.

Ve, = kI, Z, sinwe (1 — 13), )



www.czasopisma.pan.pl P N www.journals.pan.pl

N

Vol. 69 (2020) Research on beam supply control strategy based on sliding mode control 353

where

Vin

Fig. 4. Mode 3 process diagram

Mode 4: as the phase-shift angle increases, the operating mode of the system changes from
series mode to parallel mode. The By, Ba, Az, and A3 switches open and increase in the opposite
direction. Tl’ and T2’ are equivalent to parallel. The current stress of Dy ; is twice that of Dg or
D55, and the output voltage is determined by 7 and T, as shown in Fig. 5.

L Vi

= ﬁ + E? VO = ‘/SCCI - VD(LQ - VDL] = kVpril - 2VD1,1 . (3)

Ipl = _Ip2

Mode 5: the leakage inductance of transformer 77 is the same as T, and the current flow
through the resonant circuit to drop mode 3. The other modes apply the same operating procedure
from mode 1 to 4, but with opposite phase directions. By analyzing mode 2 and 4, indicating
different phase-shift angles, the output voltage V,, is from (kVpi1—2Vp, ) to (2kVpi1). We as-
sume that Vp,, is zero, then the maximum value of the output voltage is twice the minimum
value. Therefore, for the new full-bridge topology, the relationship between Vi, and V,, can be

expressed as:

Vo
M(D) = Voo 2kD, D = (Ty = 2Tgeaa — To) /T, “)

m
where, Tyeqq is the dead time between A; and Aj;. Ty is the time of phase-shifted angle.
According to the working principle analysis, the system has two output states, the input
parallel output series mode (phase-shift mode) and the input parallel output parallel mode (duty
ratio mode), so that the system has flexible wide-range voltage output.
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Fig. 5. Mode 4 process diagram

2.3. Small-signal modeling

When in the entire dynamic range of the beam DC/DC full-bridge converter. If the range of
the signal is limited to a relatively small and approximately linear range in the entire dynamic
range, the stripping DC bias takes its differential characteristics, resulting in an approximately
linear model that facilitates system modeling analysis and design. For mode 2 and Fig. 6, the
system is in series operation to establish a small-signal model.

SMC

R

sMmc Duty Ratio

Fig. 6. Control system structure

The output filter circuit transfer function is:

Vout (8) 1
H, = ‘;)m(s) = I . 5)
0 S2LeCr+ s—L 4+ 1
R
The input impedance z of the output filter is:
1 2 Ly R 1
Zs=sLr+R|| — = ——— LiCr+s—+1]= ——— ——. 6
£ =S5 //scf 1+stR(S FEFTSR 1+ SLR Hy(s) ©
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From the small signal modeling analysis, the main power circuit transfer function in the
phase-shift control mode is obtained. Make ¥;, = 0.
The transfer function of duty ratio d to output voltage ¥y is:

V. Vin/K
Guals) = 22 o/ . )
d(s) =0 $*LyCr+ 5 [Le/R+ RaCy] + 1
The transfer function of duty ratio d to inductor current Giq(s) is:
L Vi 1+ sCsR
Gras) = L) iy ! , ®)
d(s) lgy=0 K s2LyCpR+s (Lf + chdR) +R+Ry

4L
where: Ry = ﬁ, R, isthe equivalentresistance. L, is the leakage inductance of the transformer.

S
For the beam converter [11, 12], the control variable x is expressed as:

Vref - ﬂvo
x = sz — d (Vrefd; ,BV()) , (9)

B3| [ Vit = Bvo) dt

where: x is the voltage error, x» is the rate of change of the voltage error, x3 is the integral of the
voltage error, V¢ is the output voltage reference value, Bv,, is the output voltage detection value.

Substituting Equation (7) into (9), the state space equation of the full bridge converter can be
obtained:

5
xX=|x|=
| %3
x2 (10)
1 R 1 Vi 1 R
e (B (B 2 ()|
L¢Cr \ R L¢Cr \R L¢Cy L¢Cr \ R
X
where: Vj, is the input voltage, which is converted into the standard form:
X=Ax+Bu+D.
0 1 0 e
1
1 R4 1 Ly
A=|-—|—+1] ——|—= +RaC of, ¢ = ,
Lfo(R ) Lfo(R - ' f
1 0 0 -
0 0
Vi
B = _I’ln s u:d, D= _1 &"'1 Vref
LyCy LiCs \ R
0 0
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3. Sliding mode control strategy of converter

3.1. Structure of the control system

In order to improve the robustness and dynamic performance of the new beam supply DC/DC
converter system, and it has excellent anti-interference performance to the input voltage change
or load change, it can adapt to stable working under multiple working conditions. The classical
linear system regulation strategy is combined with the sliding mode variable structure control
strategy. The voltage and current multiple closed-loop control strategy can effectively solve the
steady-state error and capacitor current detection in the SMC DC/DC converter. There are also
other issues. The basic control principle is shown in Fig. 6. The outer loop is a voltage loop and
the inner loop is a current regulation loop. The SMC is used to control the inductor current of the
dual bridge circuit. The output of the voltage loop acts as an input to the current inner loop SMC,
which in turn increases the effectiveness of the control strategy.

The current inner loop control is adopted, and the system has the inherent current limiting
capability to improve the stability and transient response characteristics of the system, which can
effectively solve the problem that the steady-state error and the reference current reference value
appearing in the SMC converter are difficult to measure. The current inner loop adopts the SMC
strategy, which has the advantage of fast dynamic response speed, and realizes automatic tracking
of the reference voltage [13].

3.2. Design of the sliding mode control rate

Sliding mode control is especially suitable for variable structure systems with strong ro-
bustness and fast dynamic response [14]. The beam supply phase-shift full-bridge converter
continuously switches the on and off states of the switch tube, which is a strictly variable structure
system, which is highly compatible with the principle of sliding mode variable structure control.
Therefore, sliding mode variable structure control is particularly suitable for beam supply to
achieve good robustness and transient characteristics. SMC is divided into two stages of arrival
and sliding [15]. Let the switching function be:

s =kixy + koxa + kaxs = JT x, (1

where: JT = [k; ko k3], k1, ko, k3 both are positive sliding coefficients.
Let u be the sliding mode control rate:

U= Ueg + Uy, (12)

where: u, is the equivalent control rate, uy,, is the switching control rate. When s # 0, the system
is in the arrival phase, and the sliding mode control rate is the switching control ug,,:

Lt esign =40 *70° (13)
Ugy = = sign(s)) = .
) 2 & 0 s<0

When s = 0, the system is in the sliding phase, and the control rate is the equivalent control
rate u.4. Deriving s to make it equal to zero, that is § = 0, which can be obtained by (10), (13):

1 ( Ly ki \. 1 (Ra LyCr ks
Meq:n_‘/m R_C‘f-{_ d k2 ) (R +1 V0+ _(V}ef_vo)’ (14)

nVin ka
where, i. = Cv,,.
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The system control rate can be written as:

1 s>0
U=9queq s=0. (15)
0 s<0

According to comprehensive Formulas (5)—(14), when u = 1 or u = 0, the motion trajectory
of the system from an arbitrary initial position (x1, x2, x3) in the state space, the phase trajectory
of the substructure is as shown in Fig. 7.

Fig. 7. Substructure phase trajectory motion diagram

The constraint of the sliding coefficient only provides general information about the existence
of the sliding mode [16], but does not give the relationship between the performance of the
converter and the sliding coefficient, nor does it give general information on the selection of
parameters. When the system is in the sliding mode area:

d
k1x1+k2§+k3fx1dt=0. (16)

Put the above formula into the standard second-order system form:

dle
dr?

d
2@-“%),,% +wix; =0, (17)

where: w, = V(k3/k;) is an undamping natural frequency, & = (a/ 1/2Vk3 kz) is the damping
coefficient. Rearrange the above equations into:

ks 1 (ki)
caeli) o

In linear second-order systems [17], there are three possible types of response: underdamped,
critically damping, overdamped. The system only meets the requirements for critical damped:
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When & = 1, the system is in critical damping state [18]. At this time, if the system is in slip
mode, the following output voltage error expression is:

x1(t) = () + Aat) €759t > 0, (19)

where, A and A, are determined by initial conditions.
Since the decay rate of response is determined by the factor £w,,, decay time constant is:

L (20)
wp k3

If ¢ = 1, substituting (18) into (20) gives:
T=2—. 21

Suppose the system needs 2 times the decay time, that is, 27 seconds to reach the steady-state.
The required sliding coefficient ratio is:

ky 4 ks 4

R_4 kB _4 22
ky Ty ky T2 @2)

3.3. Accessibility condition analysis

The sliding mode controller includes the selection of the switching function and the determi-
nation of the SMC rate, so that the system satisfies the three basic elements of the sliding mode
control, the sliding mode reachability, and the sliding mode motion stability [19].

a. Meet the arrival conditions

To verify the arrival condition, it is only necessary to ensure that has a decreasing trend when
switching functions, and s has an increasing tendency when switching functions. The size of the
switching function s is determined, and in the arrival phase, it is in a dominant role, and the
other values are all positive values, so the size of the switching function s is determined. If the
output voltage is lower than the reference voltage, at this time, the control rate is reflected on the
circuit to turn on the power switch, and the output voltage rises. Similarly, if the output voltage is
higher than the reference voltage, the switching function and the control rate are displayed on the
circuit to turn off the power switch and the output voltage drops. From this analysis, the switching
control rate u can be obtained. The arrival control condition is satisfied, and the handover control

rate can be expressed as:
1 s>0
Usy = (23)

0 s<0°

b. Satisfy the existence condition
When the switching control rate is determined, the following is to ensure that the sliding
coefficient and the condition of the sliding surface are satisfied. The correct approach is to verify
the local reachability conditions of the system state trajectory:
lims-s <0. (24)

Niad
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From Equations (14) and (24), we can get:
k 1 L k 1 R R
D LR O or | E Qg iy LAY | P L1 Vier <
nVin
< k2 .
LyCy

The sliding coefficient of the system must satisfy the above formula.

3.4. Dual-mode switching control

The system has a dual-mode working mode, that is, a phase-shift mode and a duty ratio
working mode, which are determined according to the actual load demand of the system. When
the upper machine issues a working condition command, the dual-mode is freely switched, and
Fig. 8 is a mode switching state diagram.

T ~ Drive N o )
_I > A M A | >
|_ > duty ratio phase shift | |— >
_| mode modﬁ, < | |
> S=0 S=1 3>
[, s [,
S > Y, N\ Ts J
DSP

ot t 4 Voltage loop
nductor curren -+ | —Qutput

Fig. 8. System switching control chart

After the beam supply is completed, it enters the phase-shift mode, and then determines
whether the phase-shift mode is switched to the duty ratio mode according to the load output
voltage. When the load output voltage is less than 1000 V, the duty ratio mode is switched by
the phase-shift mode, which is greater than 1000 V. The system works in phase-shift mode. The
output signal mode is the output of the mode switching, s = 1 indicates the phase-shift mode,
and s = 0 indicates the duty ratio mode [20].

4. Simulation analysis

To verify the correctness of the proposed control strategy, the simulation model of the system
was builtin MATLAB/Simulink. The parameters of the converter are shown in Table 1. The system
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has been verified by simulation experiments under a purely resistive rated load. The simulation
results are compared with the classic PID control.

Table 1. The parameters of full bridge converter

Parameter name Symbol Value Unit
Input DC voltage Vin 100 v
Transformer ratio K 1/10
Load resistance R 200 Q
Filter inductor Ly 150 uH
T leakage inductance L, 18 uH
Filter capacitor Cy 12 uF
Switching frequency fs 50 kHz
Feedback control rate cq 1 x 10°

In Fig. 9 the red line and black line respectively, indicate the output voltage of the system
using sliding mode control and traditional voltage and current multiple closed-loop control in
phase-shift mode. At this time, the converter operates under current continuous mode (CCM),
and the input and output DC voltages are 100 V and 1800 V. The frequency is 50 kHz. It can
be seen from the figure that the settling time is about 8 ms by the sliding mode control, and the
settling time is about 10 ms by the traditional multiple closed-loop control. It can be concluded
that the sliding mode control has a short settling time, and the system has basically no overshoot,
and has good performance.

2000[G ] ]
1500

1000 A
500 l

— SMC
[ — PID
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09° 0.1

T[s]

Fig. 9. SMC and PID control output voltage

The abnormal working condition experiment of the converter is performed and the voltage
reference value and the load are abruptly changed. The red line in Fig. 10 shows the output curve
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2000 Y [V] PR S A

1500

1000

—————————— )
500 | = Reference voltage |

| — Output voltage J'

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
T[s]

Fig. 10. Abrupt reference voltage output voltage (SMC)

from the initial given 1000 V rise to 1800 V when the system is running at 0.05 s and suddenly
changes the given voltage (SMC). In addition the black line shows a sudden change in the given
voltage, rising from the initial given 1000 V to 1800 V, and the system output voltage is as shown.
After 2.5 ms the system tends to be stable.

To verify the robust performance of the designed sliding-mode controller furtherly, the simu-
lation of sudden load increase and decrease is carried out. As shown in Fig. 11 and Fig. 12, the
load resistance is suddenly reduced at 0.25 s and the system tends to be stable gradually within
the settling time about 4 ms. Although the output voltage has a certain degree of pulsation, the
voltage is stabilized quickly. Because the converter adopts SMC, the system has strong robustness
and certain anti-disturbance performance and can satisfy the actual demand of high-performance
ion thruster.

2500[G ]
2000
N
1500
1000
500 lf;_ _PI_D_l
|— SMC |
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
T [s]

Fig. 11. Output voltage under sudden load decrease

As shown in Fig. 13 and Fig. 14, the load resistance is suddenly increased at 0.25 s. From the
output voltage and current curve, it can be concluded that the settling time is about 4 ms and the
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IA]
20 A
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1.5
1.0
0 — ppp |
— SMC |
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
T[s]

Fig. 12. Output current under sudden load decrease

2500 U]
2000 —_—
1500
1000
500 = P!
= SMC |
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

T[s]

Fig. 13. Output voltage under sudden load increase

2.0 iTA] I[_ PID |
|— SMC |

L] e .

1.0

0.5

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
T[s]

Fig. 14. Output current under sudden load increase
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system becomes stable gradually. The system has strong dynamic response characteristics and
anti-interference performance.

2000

U V] -— SMC
-— PID

1500

1000

500

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
T [s]

Fig. 15. Comparison between SMC and PID control

As shown in Fig. 15, the red line indicates the output voltage when the system switches to
the PWM mode from the phase-shift control with sliding-mode. The black line indicates the
output voltage when the system switches to the PWM mode from the phase-shift mode with dual
closed-loop PID control. The comparison shows that the switching of SMC is relatively smooth
and the generated shaking is small. The actual effect is good.

5. Conclusion

Compared with the traditional PID control strategy, the improved sliding mode control strat-
egy in the DC/DC converter of beam supply has good dynamic quality and a certain practical
application value. the SMC can be used to make the mode switching smoother. The generated
shaking is small and the actual effect is better. The simulation experiment of abnormal working
conditions shows that the designed sliding-mode controller effectively solves the problem of the
output voltage affected by load variation and input voltage fluctuation. The output voltage area
has a small steady-state error controller and can quickly track the reference signal. The system
has strong robustness and achieves output constant voltage control.
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