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Abstract

Four-quadrant converters (4QCs) are widely used as AC-DC power conversion interfaces in many areas. A control delay
commonly exists in the digital implementation process of 4QCs, especially for high power 4QCs with a low switching frequency.

This usually results in alternating current distortion, increased current harmonic content and system instability. In this paper, the
control delay is divided into a computation delay and a PWM delay. The impact of the control delay on the performance of a
4QC is briefly analyzed. To obtain a fundamental value of AC current that is as accurately as possible, a specific sampling

method considering the PWM pattern is introduced. Then a current predictive control based on a modified z-transform is

proposed, which is effective in reducing the control delay and easy in terms of digital implementation. In addition, it does not
depend on object models and parameters. The feasibility and effectiveness of the proposed predictive current control method is

verified by simulation and experimental results.
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I. INTRODUCTION

Four-quadrant converters (4QCs) are widely employed in
various application fields such as wind power generation,
solar power generation, smart microgrids, rail transit systems
and so on [1]-[4]. As the power conversion interface between
the motor inverter and the overhead line, the 4QCs in electric
multiple units (EMU) carry out the role of bidirectional
energy conversion, unit power factor control and DC voltage
regulation [5], [6]. In order to achieve higher speeds, the
power capacity of a 4QC should be increased. However, due
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to the switching losses constraint of high-voltage and high-
power IGBT devices, the switching frequency of the 4QC in
an EMU must be as low as possible (about S00Hz).

In the conventional control method of 4QCs, the sampling
and calculating frequency is usually consistent with the
switching frequency (fs). The sampling and calculating are
executed at the beginning of each carrier period, while the
duty ratio can only be updated at the beginning of the next
carrier period [7]. Thus, a lower switching frequency leads to
a greater control delay. This results in deteriorated performance
of the current control, which can lead to unstable operation of
the system [8]. In order to simplify the expression, the control
delay is divided into two parts in this paper: the computation
delay and the PWM delay. The computation delay includes
the AD sampling delay, filtering delay and algorithm
execution delay.

Predictive current control is employed as a kind of effective
method to compensate the computation delay [9]-[11]. A linear
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prediction method is introduced to compensate the computation
delay and to increase the bandwidth of the controller in [9].
However, an extra correction for the prediction results is
needed to improve accuracy. Smith prediction is proposed in
[10], which can effectively compensate computation delay.
However, a lot of computing resources are consumed.
Kalman prediction is adopted in [11]. An adaptive Kalman
filter is used to complete the prediction one-step ahead, which
eliminates the delays in the system. In [9]-[11], future
information is predicted based on past information and
system models, where the prediction results are sensitive to
the system models and parameters. An on-time prediction
method based on an extended-state observer (ESO) is
presented to reduce the side-effect of the model inaccuracy
and parameter perturbation in [12]. However, it is relatively
complex in terms of implementation.

Another way to reduce the computation delay is to change
the AD sampling pattern. This reduces the computation delay
to a certain extent by shifting the sampling instant as closely
as possible to the PWM reference update instant [13]-[15].
However, since execution of the control algorithm always
takes time, this method can reduce the computation delay but
cannot completely eliminate it. In addition, this method
makes the sampling point deviate from the fundamental wave,
which can result in aliasing of the sampled signals, increase
the sampling error and deteriorate the grid current waveform
quality.

Multi-sampling techniques have also been used to reduce
computation delay [16]-[19]. However, there are still some
problems due to the disturbances of switching noise. The
authors of [17] state that multi-sampling techniques can inject
a high frequency disturbance into the feedback loop, which
triggers nonlinear phenomena. Therefore, a dedicated filter is
proposed to filter out interference and harmonics. However, a
phase delay is inevitably introduced, which makes the multi-
sampling solution lose some possible advantages. In order to
suppress the low-order harmonic disturbance in the sampling
data, a filter based on moving-average and anti-aliasing is
employed in [18], [19]. However, to reduce the side-effect of
the time delay introduced by the filter, the conventional
current controller must be improved, which makes the control
algorithm complicated.

Studies on removing the PWM delay have been carried out
n [20]-[22]. The PWM delay is mainly determined by the
PWM method. For general SPWM, the PWM reference is
only updated at the trough of the carrier. In other words, it is
updated once per switching cycle (7sw), and is then kept
constant. Thus, the PWM delay is 0.57sw. Considering the
single-phase 4QC applied in EMU, unipolar asymmetrical
SPWM is adopted. The PWM reference is updated twice per
switching cycle. This is done at the peak and trough point of
the carrier. The PWM delay can be reduced to 0.25Tsw. A
novel PWM method has been proposed to reduce PWM delay
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N

Fig. 1. Main circuit of a single phase 4QC.

in [23]. The PWM reference is updated N times per switching
cycle, where the PWM delay is reduced to 1/N. However, this
method can result in troublesome problems in terms of
“multiple-comparation” or “pulses lost”, which do not exist
in conventional SPWM.

For industrial applications, it is desirable to maintain a
simple control concept [10]. This is also true for the digital
implementation of a 4QC in an EMU. This paper focuses on
solutions to reduce the control delay of a 4QC with a low
switching frequency. This paper is organized as follows. The
basic principle and control method of the 4QC are presented
in section II. The influence of a control delay on the control
stability and dynamic performance of a 4QC is analyzed in
section III. A new predictive current control technique based
on a special sampling method and a modified z-transform is
proposed in section IV. In sections V and VI, the feasibility
and effectiveness of the proposed predictive control are
verified by simulation and experimental results.

II. BASIC PRINCIPLE AND CONTROL METHOD

The main circuit of a single phase 4QC used in an EMU is
shown in Fig. 1. A SPWM method based on unipolar
asymmetrical modulation is usually adopted.

First of all, the unipolar two-valued logic switch function
Sk is defined by Equ. (1).

1
s=fy tea 0
0
Thus, the AC side voltage ua» can be expressed by:
u, (0)=s, =5, )y (2

According to the main circuit shown in Fig.1, the inductance
voltage ur can be obtained using the KVL Law as:

u, (t)=e,—u, =e,—(s,—s,)uy (3)

Then the AC current is can be written as:

i (z):%j[ex —(s, —sb)udr]dz “)

On the basis of the above relations, the amplitude and
phase of the AC current is can be controlled by adjusting the
amplitude and phase of the AC side voltage uwb. In order to
achieve independent control of the active and reactive power,
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Fig. 2. Block diagram of a double loop control strategy based on
the dq reference frame.

a double loop control strategy based on the dg reference
frame is used in this paper [3], as shown in Fig. 2.

The feed-forward decoupling control strategy is adopted in
the inner current loop. Then the control output in the dg
coordinate system can be given by Egs. (5)-(6).

K' *
ug =~(Kp +—L)(i5 ~iy) + wLi, +e, (%)
S

Ky »
u, ==(Kip + =)y =i)) - oLi; +e, (6)

III. CONTROL DELAY AND ITS INFLUENCE
ANALYSIS

A. Computation Delay

In the control of a single phase 4QC, the PWM reference is
usually updated at the peak and trough points of the PWM
carrier as shown in Fig. 3. uc(t) is the carrier, ua (t) is the
PWM reference, and is(t) is the AC current of the 4QC. (n,m)
is a sampling instant between instant n-1 and instant n, and m
is a coefficient, which can be used to describe the length of
the time from instant n-1 to instant (n,m), where 0 < m < 1.
is(n,m) is the AD sampling value that is obtained at the instant
(n,m), and will be used to calculate ua(n). The time duration
between the instant of the AD sampling and the instant of the
PWM reference updating is called the computation delay 7a.
It can be seen in Fig. 3 that T¢=AT s =(1-m)Ts, where A is
called the delay coefficient and 0 < A < 1. Ts is the control
period.

For the conventional control method, the current sampling
frequency is usually the same as the control frequency. The
AC current is sampled at the peak and trough of the PWM
carrier to avoid switching noise and to leave enough time for
sampling and calculating, which means that m=0, 2=1 and T4
=Ts. However, this results in a long computation delay.

B. PWM Delay

The PWM delay is the duration time between the instant
when the PWM reference is updated and the instant when the
equivalent output waveform is generated. Taking asymmetric
regular sampling as an example, the value of the PWM
reference is updated at the peaks and troughs of the carrier, as
shown in Fig. 4. uan(t) is the expected reference. wab nowa(t) is

Uy o) Uy 1org () u (t)

i) . i
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Fig. 5. Block diagram of the i current loop.

the actual PWM reference based on the zero-order hold,
which is directly compared with the triangle carrier and
generates pulses to control the IGBT switches. #ab out(t) is the
equivalent output waveform.

The control (sampling and calculating) period 75 is half of
the carrier period Tsw. It can be seen from Fig. 4 that there is
half a control period delay (0.575) between uan(t) and uab ou(t).
The PWM process of the 4QC can be considered as a
first-order inertial link (also called a first-order lag link),
which is used to describe the system with some inertia and a
fixed time delay.

C. Influence Analysis of the Control Delay

According to the control strategy in Fig. 2, a block diagram
of the inner current loop is shown in Fig. 5, which considers
both the computation delay and the PWM delay. Taking the
decoupled active current iqas an example, 1/(ATss+1) is the
computation delay, where A is the delay coefficient, and
kewm/(0.5Tss+1) is the PWM delay, where kewm is the
equivalent gain of the H bridge.

In order to simplify the analysis, the disturbance of eqis not
considered, and the transfer function of the PI regulator is
written in the zero pole form, as shown in Equ. (7).
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Fig. 6. Simplified block diagram of the iq current loop without eq.

Pole-Zero Map
400 T T T T T
|
X X X X — = x
3000 k=5 3 1
- x x x x — k=10
) | X X X x — k=15 |
g 2000]
c
I}
@ 1000~ 1
L
2 0
3 X
>
.g -1000 H 1
<)
Iof
E -2000 1
-3000- 1
b
-400 L L L L i
-2.5 -2 -1.5 -1 -0.5 0 0.5
4
Real Axis (seconds '1) x 10

Fig. 7. Closed-loop pole distribution with the delay coefficient A.

PORLTR A B (7)
P oz B

The simplified structure of the ia current loop without ed
can be obtained, as shown in Fig. 6.

In Fig. 6, the open-loop transfer function of the current
loop can be written as:

W, (s) kp kpwy (z;5+1)

(s)=

” Lt;s* (AT,s +1)(0.5T,s +1) (8)
kkpmr (z;5+1)

0.5AL7,T s +(0.5+A) L7,T,s> + Lz,s°

s

The closed-loop transfer function can be obtained as:
 Wuls) kpkpyy (75 +1)
TTeW,(s) Lo (ATs 4 1) (05T, s +1) 4k Ky (5+1) (€]

_ kkaWM (TiS+1)
0.5ALz,T2s* +(0.5+ A) Lt T,s” + Lt,s™ +k kpyn 735 + K ykpyny

We(s)

In order to analyze the influence of different computation
delays ATs on the system stability, the closed-loop pole
distribution with the delay coefficient 4 as the variable can be
plotted according to the closed-loop transfer function in Equ.
(9). The pole distribution when the closed-loop gains &
(where, k=kykpwm) of the current loop are 5, 10 and 15 is
shown in Fig. 7.

Fig. 8 shows an enlarged diagram of the dominant pole
area of Fig. 7, where the following parameters have been
employed: AC filter inductance L=2.08mH, switching
frequency fw=500Hz, and 7, =k, /k; =1.
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Fig. 8. Enlarged diagram of the dominant pole area.
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Fig. 9. Step response of the current loop under different A.

A number of things can be found from Fig. 8. When k=5
and 4 varies from 0 to 1, the closed-loop all of the dominant
poles of the system are distributed in the left half plane of the
s plane, and the system is in a stable state. When k=10 and 1
varies from 0 to 0.35, the dominant poles of the system are
distributed in the left half plane of the s plane, and when 1
varies from 0.35 to 1, the dominant poles of the system are
distributed in the right half plane of the s plane, which
indicates that the system is unstable. When k=15 and A varies
from 0 to 0.2, the dominant poles of the system are
distributed in the left half plane of the s plane, and when 4
varies from 0.2 to 1, the dominant poles of the system are
distributed in the right half plane of the s plane, which also
indicates that the system is unstable. According to the above
analysis, it can be concluded that with an increase of the
computation delay, the stability of the system gets worse. The
range of the closed-loop gain has to be smaller to ensure the
stability of the system.

In order to analyze the influence of different computation
delays on the dynamic performance of the system, step
response curves are drawn according to Equ. (9) when k=1
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and A varies from 0.25 to 1, as shown in Fig. 9. It can be
found from Fig. 9 that with an increase of the computation
delay, the dynamic response speed of the current loop
becomes slower, the regulation time becomes longer, and the
overshoot becomes larger. Therefore, the computation delay
should be as small as possible for the control system.

IV. PREDICTIVE CURRENT CONTROL BASED ON THE
SPECIFIC SAMPLING METHOD AND THE
MODIFIED Z-TRANSFORM

A. Specific Sampling Method

The specific sampling method aims to acquire the fundamental
value of AC current as accurately as possible without the
impact of high frequency noise components. According to
Eqgs. (2)-(4), the interrelation between the AC current is(t) and
the triangular carrier uc(t) under unipolar asymmetry SPWM
can be obtained, as shown in Fig. 10.

In Fig. 10, ua'(f), which is calculated by the digital
controller, is used as a PWM reference of the left half-bridge
A, while -ua"(f) is used as a PWM reference of the right
half-bridge B. By comparing ua"(£) and -uwb’(¢) in the same
triangular carrier, the switching function Sa. Sv of the two
half-bridges are obtained, which can be used to control the
switches of the A and B half-bridges, respectively. Then the
waveform of uan(?) is obtained from Equ. (2) as shown in Fig.
10. According to Equ. (3), the waveform of the inductance
voltage uL(f) can be drawn (assuming that esand wudc are kept
constant in a switching period). A waveform of the AC
current is(?) can be obtained from Equation (4), as shown in
Fig. 10.

Fig. 10 shows that when unipolar asymmetry SPWM
modulation is adopted, the AC current waveform consists of
several segments with positive (or negative) slopes. Research
shows that the midpoint value of each segment is closest to
the fundamental value of the AC current. In addition, the
midpoint of each segment corresponds to the peak, trough,
and two waists of the triangular carrier, respectively. Therefore,
a specific sampling method is proposed in this paper.

For the specific sampling method, the current sampling
frequency is twice the control period 7s. Besides the peaks
and troughs, the midpoints of the two waists of the carrier are
selected as sampling instants. Choosing midpoints, that is to
say m=0.5, makes sure that is(n,m) is the fundamental value
of the current. The sampling sequence dap(?) is shown in Fig. 11.

B. Modified z-Transform Theory

The predictive current control proposed in this paper is
mainly based on the modified z-transform theory. The
modified z-transform is also known as the advanced
z-transform, it is an extension of the z-transform [24]. The
modified z-transform has information of the system at the
sampling point, along with information of the continuous

\j

L
v

Fig. 10. Waveforms under the unipolar asymmetry SPWM.
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Fig. 11. Proposed specific sampling method (m=0.5).

function between the sampling points [25]. The modified
z-transform of the continuous signal f(t) is defined as the
z-transform of the delayed signal f(t — AT;) as shown in
Equ. (10), where 0<A<1.

F(z,m)=Z[ f(t-4T,)]

® ‘ (10)
=2 ST = AT)) =~
k=0
Given that m = 1 — A, Equ. (10) can be written as:
F(zom)=z"Z[ f (KT, +mT,)]
(1n

=z 'Y f(KT, +mT,) z*
k=0

Since the specific sampling method used in this paper can
sample the fundamental component of the AC current, the
AC current model can be considered as a sine or cosine
function. Thus, the AC current can be expressed as:

ii(t)=sinot, ® =271 =1007 (12)

Finally, the modified z-transform of the current can be
expressed as:

zsinmaT, +sin(1-m) @,

I, (2m) =

(13)

22 —2zcos T, +1
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C. Predictive Current Control

The z-transform of Equ. (12) is written in Equ. (14).

zsin o,
I(z)=— "5 (14)
() 22 —2zcoswT, +1

The relationship between [ (z) and I (z,m) can be
obtained in Equ. (15) by solving Equs. (13)-(14).

zsinmaT, +sin(1-m) T,

1, (z,m)z 1, (z)

zsin T,

Is(z)+

(15)

_ sinmaT; sin(l—m)wT,

szIS (z)

sin T sin T

For the sake of simplicity:

_ sinmaT,
sinoT, (16)

_sin(l-m)oT,

A

B -
sinoT,

Then Equ. (15) can be written as Equ. (17).
I (z,m)=AI (z)+BI (z-1) (17)
Solving Equ. (17) yields:

1,(2) =%1S (Z,m)_gzs (z-1) (18)

The current prediction equation can be obtained as (19).
i (1) =i, (nm) =2 (n-1) (19)
is(n,m) and is(n-1) in Equ. (19) are shown in Fig. 11. When
is(n,m) is obtained, Equ. (19) can be used to predict the

current value z:(n) Then zz(n) can be used in the current

closed-loop control, as a real-time current feedback value.

According to the block diagram in Fig. 5, the zero-order
holder effect of the PWM link can be expressed by Is(s)/VL(s)
as Equ. (20).

L(s) _ oy_l=e™ 1 20
VL(S)_g(b)_ s Ls (20)

The transfer function by the z-transform is calculated as
(21), where Kv=Ts/L.

1(2) )L LK @1
Vi (z) Lz-1 z-1

According to Equs. (19)-(21), a block diagram of the
predictive current control based on the modified z-transform
is shown in Fig. 12.

The above current prediction algorithm is applied to the
control scheme under the dg synchronous rotating coordinate
system [26]. Then the complete control scheme of the 4QC is
so shown in Fig. 13. In principle, the AC grid voltage es(t)
should adopt the same prediction algorithm to make sure that
the is and es used in the control scheme are at the same instant.

current prediction

Fig. 12. Control block diagram of the predictive current control.
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Fig. 13. Proposed predictive current control scheme based on the
dgq reference frame.

However, for the sake of simplicity, an angle prediction
method is introduced, which compensates the angle delay and
make the 4QC obtain a unify factor. The predicted angle is
calculated as Equ. (21), where 71 is the period of a
fundamental wave.

b e+zﬁi°~2;Tw @1)

1

V. SIMULATION ANALYSIS

A simulation model is built with MATLAB/Simulink
according to the main circuit of the 4QC shown in Fig. 1. The
parameters of the 4QC used in the simulation are shown in
Table I. The simulation step is set to 10us, and the simulation
duration is 3s. The load is increased from 0% to 50% at 0.5s,
and to 100% at 1.5s.

In order to compare the performances of different control
methods, three control methods have been implemented in
this paper, including two conventional methods CM1 and
CM2, and the proposed predictive current control as shown in
Table II. The computation delays of CM1 and CM2 are Tsand
0.5Ts, respectively. The computation delay of the predictive
control is close to zero in theory.

A. Two Conventional Control Methods

In order to compare them with the predictive current control,
the two conventional control methods are simulated firstly.
Fig. 14(a) and Fig. 14(b) are AC side waveforms when T¢=Ts
and T4=0.5Ts, respectively. The closed-loop control
parameters (e.g. kp, ki) are kept the same. es is the AC grid
voltage and is is the AC current of the 4QC. It can be seen
from Fig. 14(a) that when 74=Ts, regardless of whether it is
under the half-load or full-load condition, the AC current
waveform has a large overall fluctuation. There are remarkable
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TABLE I
PARAMETERS OF THE 4QC

Items value
DC rated voltage ug. 1500V
Converter rated power P 460kW
AC Filter inductance L 2.08mH
AC rated voltage e 900Vrms
AC Rated current i 511Arms
Resonant inductance L, 3.59mH
Resonant capacitor C, 7.06mF
DC capacitor C 4mF
Load resistance Ry, 49 Q
Switching frequency fiw 500Hz

TABLE II
THREE CONTROL METHODS

control current sampling instant PWM reference  delay
method relative to carrier update instant /Ty
trough peak T
CM1
peak trough Ts
midpoint of up-slope peak 0.57;
CM2
midpoint of down-slope trough 0.57;
trough and
predictive _ midpoint of up-slope peak 0
trol
contro peak and trough 0

midpoint of down-slope

distortions in the enlarged waveforms. It can be seen from
Fig. 14(b) that when 74=0.5T;, the AC current waveform
becomes more stable, and the AC current quality is improved
to some extent. However, obvious distortion can be found in
the enlarged waveform.

B. Predictive Current Control

The predictive current control scheme in the dg rotating
coordinate system shown in Fig. 13 is also verified by
simulation results. Fig. 15 shows waveforms of the AC
current is and AC voltage es under different load conditions
when the proposed predictive current control scheme is
adopted. It can be seen from Fig. 15 that the AC current
waveform becomes a lot more sinusoidal under half-load and
full-load conditions.

Fig. 16 shows AC current waveforms in a fundamental
period. The red waveform is the actual AC current, the blue
waveform is the AD sampling value, the green waveform is
the predicted value, and the purple waveform is the triangular
carrier. Through the previous two sampling values is(n-1) and
is(n,m), the next value of the AC current i (n) is predicted

and used to participate in the current loop control. The
simulation results show that the predicted current value
i;(n) 1s very close to the next actual sampling current value

is(n), where the purpose of the current prediction is
accomplished.
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Fig. 14. AC side waveforms of the two conventional control
methods: (a)7¢=Ts; (b) T¢=0.5T.
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VI. EXPERIMENTAL VERIFICATION

A. Prototype and Test Platform

The proposed predictive current control scheme is verified
on a newly developed 4QC prototype test platform as shown
in Fig. 17. This platform includes a step-up transformer, a
traction transformer, two 4QCs, a control system and a
monitoring computer. The parameters of 4QC1 and 4QC2 are
shown in Table I. Two 4QCs are connected in parallel at the
DC side. 4QCI1 has two control loops. The inner loop is the
current loop, and outer loop is the DC voltage loop which
keeps the DC voltage constant. 4QC2 only has a current loop,
and the current reference i}, can be given by the monitoring
computer. If 4QC2 works at the rectifying state, 4QC1 works
at the inverting state, and the energy can circulate through the
two converters. In this test platform, the capacity of the AC
grid is 400kVA.

Zoonl> «20ms/div

distorted 1, 300A/div

distorted ] |
iy Time:20ms/div P

Tooa1> «20ms/div

di/sgqrfcd i, 300A/div

distorted

70 t00as Time:20ms/div I
(b)
Toonl> «20ms/div
is 5 300A/div
s00. 00055 Time:20ms/div ¥
(©

Fig. 18. Experimental waveforms of the prototype with different
control methods: (a) Conventional method 7¢=Ts; (b) Conventional
method 74=0.5Ts; (¢) Predictive current control.

The control system is based on a “DSP+FPGA” framework.
The DSP completes the key control algorithm, and the FPGA
takes charge of communication and logical control. The
monitoring computer is connected to the control system by
means of Ethernet. Therefore, the data transmission and state
monitoring can be realized.

B. Steady Performance

Fig. 18 shows full-load experimental waveforms of the
prototype with different control methods. is: is the actual AC
current waveform of 4QC2. It can be seen from Fig.18 that
when T4=T5, an obvious distortion can be found in the current
waveform (marked by dashed circle). It can also be seen that
when 7¢=0.5Ts, the distortion in the current waveform is
attenuated. When the predictive current control is adopted,
the distortion becomes smaller.

In addition, it can be found from the experiments that the
current loop can easily become unstable if the control
parameters (e.g. kp, ki) of the current loop are increased
when 7¢=0.5Ts. On the other hand, the stability of the current
loop is enhanced significantly when the predictive current
control is adopted.

Fig. 19 shows the actual sampled value and predicted value
of the AC current, which were obtained by the monitoring
computer from the control system via Ethernet. It can be seen
from Fig. 19 that the predicted value is nearly equal to the
actual sampled value. However, the time advances by 0.57.
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Fig. 19. Sampled current and predicted current of 4QC.
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Fig. 20. Current THD of 4QC under different control methods: (a)
Conventional method 74=Ts; (b) Conventional method 74¢=0.5T;
(c) Predictive current control.
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Fig. 21. Transient responses of 4QC with different control
methods: (a) Conventional method 7¢=Ts; (b) Conventional
method 7¢=0.5T75; (c) Predictive current control.

C. THD

The current THDs of a 4QC with different control methods
are shown in Fig. 20. FFT analysis results show that the main
characteristic harmonics of the current exist at the orders of
17, 19, 21 and 23 when the unipolar asymmetrical SPWM is
employed. These harmonics are not affected by 74, and can
be eliminated through phase-shifted carrier PWM technology
[27]. Meanwhile, a large control delay leads to a lot of low
order harmonics such as 2, 3, 4 and 5, which are marked with
a dashed circle in Fig. 20(a). When 74=T5, the current THD is
as high as 18.2%. The current THD goes down with a decrease
of Tu. Considering the sampling and control algorithm
execution time, 7y cannot be reduced to zero with the
conventional control method. However, Tqshould be close to
zero for the proposed predictive current control, and it is
shown in Fig. 20(c) that the current THD is reduced to 8.3%.

D. Transient Response

In this paper, the transient response of 4QC with different
control methods is evaluated by dynamic loading tests. The
current reference ij, of 4QC2 is set by the monitoring
computer, and then the actual current i;, is transmitted back
to the monitoring computer through Ethernet. The data
refresh rate of the actual current is 1ks/s.

The current reference iy, of 4QC2 increases from 0 to 0.5
(from the no-load to half-load condition) at t=T, and the
corresponding current transient response curves are plotted in
Fig. 21. It can be seen from Fig. 21 that the rise time is 9ms
for Te=Ts, Tms for T4=0.5T;, and 6ms for the predictive
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current control. This means that the computation delay 74 has
some impact on the response speed. However, it is not serious.
It is worth noting that the computation delay 74 has a
dramatic impact on the overshot and settling time. Sudden
changes of the load may lead to unacceptable overshoots or
even system corruption. The proposed predictive current
control demonstrates better transient performance than the
conventional control method.

VII. CONCLUSIONS

For a 4QC with a high power and a low switching frequency,
the influence of a control delay is especially serious. In this
paper, this control delay and its influence are analyzed, and a
predictive current control method based on the specific
sampling method and the modified z-transform is proposed.
Simulation and experimental results both with and without
the predictive current control are compared. The following
conclusions have been obtained.

(1) The control delay has a negative impact on the system
performance of 4QC. With an increase of the control delay,
the step response and stability of the system get worse.

(2) The proposed specific sampling method can obtain the
fundamental values of the AC current and avoid high
frequency harmonic noise.

(3) The proposed predictive current control scheme can
effectively waken the influence of the control delay, which
improves the current quality and transient responses. Moreover,
it is not sensitive to the object model or parameters of 4QC.

The control performance of the proposed predictive current
control under complex load and complex grid conditions
needs to be studied in the future.
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