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Abstract: This paper presents a robust digital control strategy using error correction techniques to
improve the robustness of conventional deadbeat control methods. The proposed control method,
based on the discrete converter models, determined control law using an error correction technique
based on the discrete Lyapunov stability theorem. The steady-state performance and dynamic
response of the presented method was analyzed and verified. The experimental results showed that
the method derived in this paper not only offered improved robustness, but also endowed the grid
current with lower Total Harmonic Distortion (THD), while still maintaining a fast, dynamic response.
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1. Introduction

As electronic devices are widely employed for use in industrial and other applications, there is a
large degree of research interest in relevant control methods affecting power quality [1-3]. With the
rapid growth of digital technology, digital control technologies have received considerable attention
in recent years [4-6]. Predictive control is a typical digital control. Algorithms have been applied to
current control in power electronic converters, such as deadbeat control and model predictive control
(MPC) methods.

As described in [7,8], the deadbeat control method calculates control law according to a discrete
converter model in every sampling instant to ensure that the controlled variable tracks the reference
values in the following instant. These concepts are simple and intuitive, and can be easily implemented
in digital signal processors (DSPs). Most importantly, deadbeat control methods have the advantage
of a fast response. However, problems with this control scheme include delays in the digital
system leading to oscillations; disturbances leading to offsets; and modeling mismatches leading
to instability [9,10]. Model predictive control is another algorithm that uses a discrete model to
predict the future behavior of a controlled variable, until a specific sampling interval in time [11].
The optimal control law can be obtained by minimizing the cost function that represents the error of
the control variables [12]. The larger number of calculations and model mismatch of MPC are its main
disadvantages. Issues of predictive control often degrade the performance of converters and reduce
overall robustness.

Many improved strategies have been proposed and discussed to overcome the drawbacks of
traditional predictive control [13-15]. In [13], the duty ratio, which is the sum of the previous duty ratio
at the (k — 2)th instant and a prediction error coefficient, was updated once every two switching cycles
to improve robustness in the presence of parameter variation, and the prediction error was the error of
the reference value and the predicted value at the (k + 2)th instant. In [14], the algorithm to improve
robustness proposed that the error between the reference and the measured current at the (k + 1)th
instant was controlled, instead of being set to zero, and made equal to half the difference between the
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previous two current errors. The previous two current errors were the error of the reference value and
the measured value at the previous two instants, respectively. In [15], the last prediction errors at the
(k — 1)th instant, with a weighting factor, were added to the prediction model to improve prediction
accuracy and help the predictive current control method derive a better value at the (k + 1)th instant.
The prediction error was the error between the predicted values and their measured values at the
(k — 1)th instant that the switching state S(k — 1) was used.

The Lyapunov-function-based control strategy is widely used because it leads to the global
stability of both nonlinear and linear control strategies. Several relevant works have described this
performance, such as [16-22]. In [16], the dynamic controller structure utilized a Lyapunov-based
method in the control design procedure, requiring a shorter prediction horizon to guarantee the
asymptotic stability of the system [17,18]. The problem of fuzzy control design was resolved when
using the Lyapunov function, showing better overall performance. In [19,20], the presented control
approaches, which were modified with Lyapunov functions, were applied in inverters with different
filters. In [21,22], in order to achieve better dynamic performance for the three-phase rectifiers,
a discrete Lyapunov function was combined with a cost function, adding to the control process.
In particular, the proposed control approach was modified based on the control method presented
in [22]. Furthermore, Lyapounov functions have already shown excellent performance modifying the
predictive control of finite control set models [23].

In this paper, performance and robustness improvements were achieved by assuming that, instead
of being set to zero, the error between the reference current value and the predicted current value at the
(k + 1)th instant was controlled for based on the Lyapunov stability theorem, equal to the error between
the reference current value and the measured current value at the kth instant with a corresponding
coefficient. The modeling of a single-phase voltage source rectifier (5-VSR) is depicted in Section 2.
Section 3 outlines the basic principle of the proposed control method and defines the discrete Lyapunov
function, showing the global stability of the system. In Section 4, the influence of the control coefficient
o on both steady-state performance and dynamic response is analyzed and improved robustness is
described in comparison to the conventional deadbeat control method. Importantly, a is decided based
on a damping ratio. In Section 5, the presented method is tested under a single-phase rectifier system.
The experimental results show the outstanding performance of the proposed method compared to the
conventional deadbeat control method. Finally, conclusions are drawn in Section 6.

2. Modeling of the Converter

Figure 1 shows the single-phase voltage source rectifier. The equation for the converter can be
described as: i
i 4
Ly =e—Ri—V, 1)

where ¢, V; and i are the grid voltage, converter voltage, and grid current, respectively, and R and L
are the equivalent series resistance and filter inductance, respectively.
According to the Forward Euler method, di/dt can be approximated as:

di i(k+1) —i(k)

A @
where T is the sampling period.
By substituting (2) into (1) [7], the discrete-time model of the S-VSR can be obtained as:
. RT . . T
i(k+1) = (1= —)i(k) + —[e(k) — Vi (k)] ®)

Ls Ls
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Figure 1. Single-phase voltage source rectifier.

3. The Principle of the Proposed Method

Stability is essential for control systems and it is also very important that measured current, i(k),
tracks the reference value, i*(k), precisely. Namely, current tracking error, Ai(k), converges to zero.
The Lyapunov theorem is powerful in ensuring the stability of all control systems.

Tracking error, Ai(k), is defined as:

Ni(K) = i(k) — i* (k) @

As [23] depicts, the discrete Lyapunov function, L(x(k)), should satisfy the following properties to
ensure the stability of the control system:

(1) L0O)=0;

(2) L(x(k)) > 0 for all x(k) # 0;
(3)  L(x(k)) — oo as ||x(k)|| — oo;
(4)  AL(x(k)) <0 for all x(k) # 0.

Thus, the discrete Lyapunov function, L(Ai(k)), can be defined as:

L(Ai(K)) = %Aﬂ(k) 5)

From (4) and (5), AL(Ai(k)) can be expressed as:

AL(Ai(K)) = L(Ai(k+1)) — L(Ai(k))

Uitk +1) — i* (k+ 1) — 1[i(k) — i*(R)2 ©

To satisfy the Lyapunov stability theorem and ensure that current tracking error converges to
zero, we defined the following relationship:

i(k+1)—i*(k+1) = afi(k) —i* (k)] (7)
Substituting (7) into (6), the following expression for AL(Ai(k)) can be obtained:

AL(Ai(k)) = L(Ai(k+1)) — L(Ai(k)
= 3@ = )li(k) — ()

It is apparent that the system is stable if « is chosen as:

)

—1<a<l1 )
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The control law of the presented method can be written with (3) and (7) as:

(b + (% = R)i(k)
— ok (k) = i* (k) 10

It is clearly depicted that when « = 0, (10) is the prediction model of the conventional deadbeat
control method.

One of the key issues related to the method presented is how to decide the best control coefficient,
«, to use in the prediction model. Selection and analysis of the control coefficient is described in the
following section.

4. Selection and Analysis of Control Coefficient

4.1. Influence of Stability

When a digital control strategy is applied, a delay always exists in the control system, including
the sampling time. The calculation time of the control strategy and, more importantly, duty is always
updated in each subsequent sampling period. Figure 2 shows what happens when a delay exists in a
control system. According to the datasheet of TI and the experimental results, the total sampling and
convention time was T7 = 8.6 pus, and the calculation time of the control strategy was Tp = 3.1 ps. As the
switching period was 100 ps, it was enough for all of the sampling and calculations in the switching
period. Because the duty calculated in the kth switching period was updated at the beginning of the
(k + 1)th switching period, a one sampling period delay was assumed to analyze the problem.

duty calculated duty updated
start to sample | |

kT (kDT (2)T (k¥3)T (k)T

Figure 2. Description of delay exists in the control system.

A discrete control block diagram of the proposed control strategy under a S-VSR is shown in
Figure 3.

oLyT

s,
i'(k)

Gol2) ]—'i(k)

Figure 3. Inner current loop control block diagram.

In the S Domain, the transfer function of the controlled object in the current loop can be

expressed as:
1

Gr(s) =R

(11)



Energies 2018, 11, 848 50f12

The delay of one sampling period is modeled by the z~! block. The zero-order hold (ZOH)
equivalence transfer function of Gy(s) is shown as (11) [9].

(1-=)z[ %]
T 1
= Lsz—(1-RT/Ly)

Gp(z) (12)

The closed-loop transfer function of the current loop, with regard to e(k), which functioned as a
disturbance, can be described as:

i(k)  (ksz—k1)z"'Gy(2)

G(z) =- = —
k) = 1+kz1C
:l ®) zz—zzx p(Z) (13)
22—(1—RL1)2+(1—a—RL1)

where k1 = aLs/T, ko = (1 — a)Ls/T — R, and k3 = Lg/T.
In order to ensure the stability of the system, the following should be satisfied:

0<1l-—a—RT/Li<1 (14)

In this paper, the system parameters were selected as Ls = 3.2 mH, R = 0.3 (3, and T = 0.0001 s.
Based on (9) and (14), the control coefficient, «, could be limited as:

—0.005 < & < 0.995 (15)

4.2. Influence of Steady-State Error

Based on the closed-loop transfer function of the current loop shown in Figure 3, with e(k)
representing a disturbance, we can derive the error transfer function for i*(k) as follows:

i*(k)—i(k) 22— (Q2—-RE)z+(1-RE)
T

Eun(z) = - = < (16)
nn(2) i* (k) zz—(l—RLs)z+(1—tx—RL1)
When i*(k) = 0, we derive the disturbance error transfer function for e(k).
b &y_ﬁ&%dw)_ L(z—1) W)
” e(k) 22— (1-RE)z+(1—a—RL)
Thus, the steady state error E(z) can be described as:
E(z) = Epu(2)i* (k) — Dss(2z)e(k) (18)
It is supposed that i*(k) and e(k) are all sinusoidal, and E(z) can be written as:
T T
2_ (7 _R_ _ R
by g TR ERUTRL)  zsinr)
- 2 _ . o
21— R1)2+ (1—a- Rz) z2 — 2z cos(w;T) +1
LST Lg (19)
£ fs(z -1 zsin(w,T)
2 _
22—(1—R1)z—0—(1—¢x—R1)Z 2z cos(w,T) + 1
Ls Lg

A bode diagram of E;;(z) and Dgs(z) is given in Figure 4.
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Figure 4. Bode diagram of steady-state error: (a) E;;,(2); (b) Dss(2).
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As shown in Figure 4a, the gain in E,;(z) was among 10~°~10~3 when the working frequency

was 50 Hz, which can be regarded as tracking without steady state error. From Figure 4b, we can see
that the gain in Dss(z) was among 10~°~10~% when the working frequency was 50 Hz. As a became
larger, the gain in E,;;(z) and Dss(z) was nearly the same for all working frequencies, which implies
that the value of « did not influence the steady-state performance of the control system.

Based on the final value theorem of discrete control systems, we can derive steady state error e(cc) as:

e(o0) =lim(z—1)E(z) =0

z—1

(20)

4.3. Influence of Robustness

To investigate the influence of the inductance parameter mismatch on robustness, the pole locus
was analyzed, with variations in the nominal value, L;, based on the typical value of «.

By replacing Ls with the actual value of the inductance, L,, the closed-loop transfer function, G(z)a,
of the current loop can be expressed as:

l(k) - (kBaZ - kla)z_lcp(z)u

G(Z)a =z -
i* (k) 14 koz71Gy(z
_ P P& (21)
N kT kT
2_ (1R _x_R-L
22— (1 RLs)z—i-(l « RLS)

where ki, =aL; /T, ko = (1 — &)Ls/T — R, k3o = L, /T, and k = Ls/L,, denoting the difference between
the inductance value used in the controller and the actual value. Figure 5 depicts the zero-pole graph
of the variation in k with different values of a. p1,p2,p3 and p4 were all poles of G(z)a.

1 Pole-Zero Map 1 Pole-Zero Map
08 a=0->% 08 ; KR KK W RR ®
0.6 a=04>% 0.6 u=0; x x ® ® x x x
04 04 a=0.4
2 a=0. a=0.8 2
302 | v %02 A
§ of o %0 ® 0 § o k=¢1
g2 g02
T 04 T 04
0.6 * <a=0.4 0.6 X X % x ® x x x
08 x<a=0 08 I R
A 0 0.2 04 0.6 0.8 0-.1955 0.496 0.4965 0.497 0.4975 0.498 0.4985 0.499 0.4995
Real Axis Real Axis
(a) (b)

Figure 5. Cont.
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Figure 5. Pole locus diagram of G(z), with variations in k (from 0.4 to 1.6, in increments of 0.1). (a) The
whole sight of pole locus; (b) The pole (p1 and p2) locus based on & = 0 and « = 0.4; (c) The pole (p3)
locus based on « = 0.8; (d) The pole (p4) locus based on & = 0.8.

It can be observed from Figure 5 that when o = 0, the poles were much closer to the unit circle,
regardless of whether L, was smaller or larger than L;, and the system had weaker robustness. When «
was selected within the range calculated in (15), the poles were always in the unit cycle, regardless of
the size of L,. The influence of the equivalent series resistance R parameter mismatch on robustness
could be analyzed in the same way, with k defined as k = R;/R;, where R, and R were the actual value
and the ideal value, respectively. Therefore, from Figure 5, we can see that the proposed control had
better robustness than the conventional deadbeat control.

4.4. Selection of «

According to (13), we can obtain the damping ratio as follows:

1-RL
= —= (22)

/ T
2 1_“_RE

The better damping ratio in the industrial application was 0.707, thus « was chosen as 0.52 by
solving (23):
1-RL

f= — IS —0707 (23)

T
2\/1—a—R:

5. Experimental Results

The experimental test was performed under the S-VSR prototype described in Figure 6. The control
strategy was achieved in a DSP system with TMS320F28069 (Texas Instruments, Dallas, TX, USA).
The waveforms of the measured current and its analysis were obtained using a Tektronix oscilloscope
and power analyzer. The system parameters are given in Table 1. In order to test availability, we gave
the reference value of the filter inductance directly.

Table 1. Experimental results.

Varible Symbol Value
The grid voltage (RMS) e 50 V/50 Hz
Filter inductance Ls 3.1 mH
Equivalent series resistance R 03Q
DC side capacitor C 1000 wF
Sampling period T 1xe?s
Switching frequency f 10 kHz
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Figure 6. The experimental prototype.

5.1. Steady-State Performance Tests

Figure 7a,b shows the grid current behavior of the presented method when the reference value
was 6.8 A, with unity power factor. The experimental results showed better steady-state behavior for
the proposed method. The grid current was highly sinusoidal, with total harmonic distortion (THD)
of 1.86%. Figure 7c,d describes the tested results of the traditional deadbeat control. As observed in
the experimental results, there was oscillation in the system, with a noisy current and a THD of 4.1%,
which may have been caused by a delay. From Figure 7, we can see that the error correction improved
steady-state performance.

Tek —_— Tek s

.................

l[5A/le]

: : - o 4ms/div : T i
L k L L . . [ ] @D 50.0mY 250kHz faai 1 i i tI4ms./ le]
@ 250V J400ms 7300V 143838kHz|113¢51 | [Nyquist: 31.25kHz J400ms J&® 7300V 10.0663kHz[11:26:06

(a) (b)

Tek —_— Tek

i)

s

A

Opagetl | o " : e

i H4ms/div] B i .. t4ms/div]

@ 50V Jaooms )& 7300y 100504Hef11:4158 ) [Nyquist: 78.13kHz Ja00ms )& 7300 10.0470kH2[11:41:28
(c) (d)

Figure 7. Steady-state test results using the proposed method (« = 0.52) and the conventional deadbeat
control method. (a) The voltage and current waveforms (& = 0.52); (b) The harmonic spectrum of the
current (o = 0.52); (c) The voltage and current waveforms of the conventional deadbeat control; (d) The
harmonic spectrum of the current of the conventional deadbeat control.

5.2. Dynamic Response Tests

An important aspect to any control system is the dynamic response to changes in the reference
value [23]. Figure 8 shows the system behavior for a current with a reference step froma0 Atoa6 A
peak and from a 6 A to a 3 A peak, for the proposed control method and the conventional deadbeat
control method. Figure 8a shows that the current reached a steady state within 460 ps, compared to
395 ps in Figure 8b. The transient time in Figure 8c was 664 us and in Figure 8d was 564 us. Compared
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to the traditional deadbeat control method, the dynamic response of the proposed control strategy was
slightly slower with smaller amounts.

Tek Tek

é ! ! ! / r“.‘AhM-JA+:-j l-n--l---.y-.-u-',-"-//»ﬂ
| ' : o
i : ? : : t[2ms'{divl< E... I . . . I : - ; A 3 I t[2ms/ldiV] 3
J2.00ms J&® 7000V <10Hef13:0407 ( J2.00ms )& 7000y <10Hzf13:15:04
(a) (b)
Tek : : : = i x : z ; Tek i - i = i = .
?il?\/ldiv]
Eo : :
O s o § 5 s 3 § 2 b 8 s 3 1 o 4 iy
: ‘ ; . | / ?[Zmﬁ /div]] E ; : . : . t[2ms/d1v]
J2.00ms 7000V <10Hf122734 | [ Jegoms L NW <torsfizzsm )
(©) (d)

Figure 8. Current behavior during the reference step change from a 0 to 6 A peak and froma6 Ato3 A
peak. (a) 0 A to 6 A peak with the proposed control method (x = 0.52); (b) 0 A to 6 A peak with the
conventional deadbeat control method; (c) 6 A to 3 A peak with the proposed control method (o = 0.52);
(d) 6 A to 3 A peak with the conventional deadbeat control method.

5.3. Investigation of Robustness

The system parameters, especially filter inductance, varied with temperature and other
environmental factors. The performance of the proposed method and deadbeat control method,
with differing levels of error between the modeled and the real inductance, in the range of —30%
to 30%, is given in Figures 9-12, respectively. It was found that the variation in inductance led to
increased current THD, but at lower levels using the proposed control method. However, there were
large current oscillations with higher levels of THD using the conventional deadbeat control method
when inductance varied. These experimental results show stronger robustness using the proposed
control method.

Tek Tek e

eEA/div] -

N il5A/div]

e fAmsHdiv)| T s/ divi
( @ 250V Jaooms JC__70004 <10H[12:17:36 ( ) 6 25_0\/‘ la.nu;ns : fo,oo\} ‘<10Hzlz‘n:33:zs
(a) (b)

Figure 9. Current behavior when the inductance had a mismatch of —30%. (a) Under the proposed
control method (o = 0.52); (b) Under the conventional deadbeat control method.



Energies 2018, 11, 848 10 of 12

Tek Tek
T T T T - T T T T

e[25A/div] - ; :

f[4ms/divi

NTHITTE NV PP T s f4ms/div])
(i @ 250V )400ms JO ro00a <10Hf11:4454 ) ( @ 250V )aooms 7000V <10Hf1:1413
(a) (b)

Figure 10. Current behavior when the inductance had a mismatch with —15%. (a) Under the proposed
control method (& = 0.52); (b) Under the conventional deadbeat control method.

Tek Tek

o , e.ﬁA./diV.]..é r
i[5A/div] N
LV -

s fl4ms/divE : #[4ms/div]’
{ 2509 )faooms JC— 70004 <10Hgfi2s104 | ( 250V )J400ms J@ oy <10Hf11:4330
(@) (b)

Figure 11. Current behavior when the inductance had a mismatch with +15%. (a) Under the proposed
control method (« = 0.52); (b) Under the conventional deadbeat control method.

Tek Tek e

N N
s VT S o ,..,'..,;"15,‘.\7//.".“,1.,'

fj4ms/div]’ fl4ms)div]’

i i i i i i i i i ; i
@ 250V Jaooms J__ 70004 <10Hfi24038 | @ 50V Jaooms /000 <10HI215138
(a) (b)

Figure 12. Current behavior when the inductance had a mismatch with +30%. (a) Under the proposed
control method (a = 0.52); (b) Under the conventional deadbeat control method.

6. Conclusions

To overcome the weak robustness of conventional deadbeat control methods, this paper proposed
a robust digital control strategy using error correction based on the discrete Lyapunov theorem.
The proposed method introduced error correction into the prediction model to increase robustness.
More importantly, the discrete Lyapunov theorem was added to the model to improve global stability.
Theoretical analyses using transfer functions and zero-pole graphs, and experimental results under a
single-phase voltage source rectifier system, demonstrated that the proposed method not only behaved
with stronger robustness, but also led to a high sinusoidal current with lower THD, while still retaining
a fast, dynamic response and minimal level of tracking error. The proposed method shows encouraging
prospective applications to numerous model-based control strategies.
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