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Abstract: Voltage source inverters operated by predictive control methods generally lead to a variable
switching frequency, because predictive control methods generate switching operation based on
an optimal voltage state selected at every sampling period. Varying switching frequencies make it
difficult to design output filters of voltage source inverters. This paper proposes a predictive control
algorithm with a constant switching frequency for the load current control of single-phase voltage
source inverters. This method selects two future optimal voltage states used in the subsequent
sampling period, which are a zero-voltage state and a future optimal voltage state, based on the slope
of the reference current at each sampling period. After selecting the two future voltages, the proposed
method distributes them to produce a constant switching frequency and symmetric switching pattern.
The performance of the proposed method is validated with both simulation and experimental results
for single-phase voltage source inverters.

Keywords: current control; predictive control; constant switching frequency; single-phase voltage
source inverter

1. Introduction

With the increasing popularity of renewable energy systems, single-phase converters for
grid-connected systems with distributed power generation sources, such as those for photovoltaic
(PV) panels [1], electric vehicles [2], and railway systems [3], have been used more often for relatively
low-power applications. One of the main objectives of single-phase converters and inverters is to
synthesize a high-quality ac-side sinusoidal current tracking a reference current, to transfer the
power required by a variety of systems. For generating a sinusoidal line or load current with low
harmonic distortion, control methods for the single-phase converters or inverters usually handle
the ac-side sinusoidal current [4-9]. The current control methods, based on proportional-integral
(PI) controllers, in [4], have been generally utilized; however, steady-state current errors exist in the
ac-side current because of exposure of the PI controller to low-frequency fundamental components.
In addition to the PI-controller-based current control methods to eliminate the steady-state error,
numerous approaches have been proposed to reduce current errors, such as hysteresis control [5],
deadbeat control [6], proportional-resonant (PR) control [7], voltage-oriented control [8], and predictive
control [9]. In particular, the predictive control method has been widely used to control the ac-side
current of single-phase converters [10], inverters [11], and other topologies [12,13] as a simple and
effective technique due to the development of digital signal processors with low cost and high
performance [14-16]. The predictive control method for ac-side current control predicts future current
movements by using system models. On the basis of predicting control variables, the method directly
selects an optimal switching state to be applied to the next step in such a way as to minimize the
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control errors, described in terms of a cost function criterion, without producing switching patterns by
pulse width modulation (PWM) blocks. The predictive control method can lead to such merits as fast
transient behaviors and a simple structure lacking dedicated modulation blocks. On the other hand,
one of the disadvantages of the predictive control method is a varying switching frequency, because the
switching pattern depends on the optimal switching state decided arbitrarily by the cost function
at each control period. The variable switching frequency and correspondingly spread frequency
spectrum with numerous harmonic components in the converter voltage and current waveforms
result in difficulty in designing the output filter. Furthermore, a single application of an optimal
switching state during the entire switching period can lead to large ripple components in the output
current waveforms. Therefore, there have been several studies on converter operations with a constant
switching frequency based on the platform of predictive control methods. Several techniques have
been developed for the predictive control methods with constant switching frequency for three-phase
inverters and converters [17-22]. Ref. [17] proposed the direct power control (DPC) for a three-phase
voltage source converter. In this method, an optimal vector was selected using the model-based
reference voltage in the af stationary coordinate frame, and the duty cycle and vector distribution were
determined by the conventional space vector pulse width modulation (SVPWM). Ref. [18] proposed
the direct torque control (DTC) for permanent magnet synchronous motor (PMSM) drive, where an
optimal reference voltage and the angle were calculated for vector selection through the cost function.
In addition, the duty cycle and the vector distribution were obtained using the conventional SVPWM
to obtain a constant switching frequency. Ref. [19] selects an optimal vector using the model-based
reference voltage in the synchronous dg coordinate frame and uses the conventional SVPWM to decide
the duty cycle and vector placement. Ref. [20] proposed the predictive current control (PCC) for the
three-phase converters used in wind turbine, where optimal vectors are selected using the angles of the
grid voltages and the optimal duty cycle is calculated by differentiating the cost function. This method
also uses SVPWM to obtain a constant switching frequency. Ref. [21] proposed a DTC for PMSM
motor drive. In order to obtain the constant switching frequency, the vector was selected using the
model-based reference voltage in the stationary coordinate frame same as Ref. [17], and the duty cycle
and vector placement were determined using the conventional SVPWM. Ref. [22] uses the grid voltage
angle to select the vector and calculate the duty cycle at which the power error is zero in the next step.
Moreover, SVPWM is used to obtain a constant switching frequency in this method. All the approaches
for the three phase converters [17-22] use the pulse width modulation (PWM) blocks, for generating a
fixed switching frequency based on the predictive control method.

Studies to achieve a constant switching frequency in the platform of the predictive control
for single-phase converters have less revealed than those for the three phase converters [10,23].
Both approaches for predictive power control construct a virtual two-phase system from single-phase
signals and employ pulsewidth modulation blocks. Ref. [10] creates two virtual phases using the
angle of the input source voltage to extend single phase axis to stationary a3 axes for generating the
optimal «f reference voltage vector. Based on the resultant optimal reference voltage vector, a space
vector pulsewidth modulation (PWM) block is used to switching patterns with constant switching
frequency. Similar approach was addressed in Ref. [23], which develops the model predictive direct
power control with constant switching frequency. In this paper, fictitious orthogonal phase voltages
and currents are generated from a single-phase quantity by a second-order generalized integrator.
Using the generated virtual quantities, an optimal modulation index for predictive power control is
calculated and is passed through a carrier-based PWM generator.

This paper proposes an improved predictive current control method with a fixed switching
frequency for single-phase voltage source inverters, without employing PWM blocks. On the contrast
to the conventional approaches for the single-phase converters, the proposed method selects the
optimal voltage states using only the slope of the reference current. This approach is simpler because
the optimal switching state can be easily selected without constructing the virtual orthogonal
quantities, in comparison with the existing studies of the single-phase converters. In addition,
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the proposed method develops switching patterns with a fixed switching frequency by appropriately
dividing the zero-voltage state and the non-zero-voltage state, without employing the PWM modules.
Thus, the proposed method can create a constant switching frequency based on the predictive
control method with simple control structure and algorithm, in comparison with the previous
approaches. The harmonic spectrum of output currents and voltages obtained by the proposed
predictive control method are concentrated on multiple switching-frequency regions, without output
harmonic components spread over wide frequency ranges. With the proposed scheme, the centralized
harmonics of the output current and the voltage with fixed switching frequency, which can help to
design output filters, are obtained without employing a PWM block. Simulation and experimental
results for both the steady-state and dynamic responses are provided to demonstrate the effectiveness of
the proposed method. The proposed predictive current control method is compared with a conventional
predictive current control method and a carrier-based PWM method with a PI current controller,
where the fast Fourier transform (FFT) analysis of the proposed method reveals similar switching
patterns achieved by a carrier-based PWM method with a PI current controller.

2. Conventional Predictive Current Control Method for Single-Phase Voltage Source Converters

Figure 1 shows a single-phase voltage source inverter that consists of a general resistive-inductive
load and back-electromotive force (back-emf) with four switch components as well as a diode rectifier.
The conventional model predictive control (MPC) method [24], which is called the conv-MPC method
in this paper, for a single-phase inverter can employ one optimal voltage, which leads the possibly
smallest current error at every sampling instant. In the single-phase inverter, there are three individual
output voltages which can only make three different current behaviors to loads connected to the
converter. Thus, the relationship of the output voltage (v,(t)) and current (i,(¢)) in Figure 1 is given by

o(t) = Rio(t) + L7 1 o(0) M

where R, L, and e(t) are the load resistance, inductance, and back-electromotive force (back-emf),
respectively. On the basis of the sampling period [nTs, (1 + 1) Ts], (1) can be written in discrete form as:

io[(n+1)Ts] = ip[nTs] + %(vo[nTS] — Rip[nTs] — e[nTs]). )

where i,[nTs], vo[nT;], and e[nTs] are load current, load voltage, and back-electromotive force (back-emf)
at the present step, respectively.

L Rectifier Single-phase
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Figure 1. Single-phase voltage source inverter (VSI) with an AC/DC rectifier.

Moreover, the present back-emf needed in (2) can be assumed to be equal to the back-emf one
step prior because the sampling frequency is much faster than the frequency of the back-emf voltage as

e[nTy] ~ e[(n — 1)T.] = (vo[(n — 1)Te] — Rio[(n — 1)Ts]) — %[io[nTs} [ -DL]. @)

S
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With the output current dynamics presented in (2), three future current acts made by three output
voltages can be predicted for the single-phase inverter. The optimal voltage is selected among three
voltages used for the single-phase inverter, which reduces current errors between the next-step actual
load current (i,[(n + 1)Ts]) and the reference current (i,*[(n + 1)Ts]) by estimating the output current
dynamics at every sampling period. The cost function to judge the current error can be described by
the future current error between the reference current and the predicted current as

8 = lig[(n+1)Ts] = io[(n + 1) T} |- )

The above future reference current needed for the cost function is acquired in the Lagrange
extrapolation, with the past and present reference values, by [25]

io [(n+1)Ts] = 3iy [(n +1)Ts] =34, [(n = 1) Ts] + i [(n = 2)T5]. ©)

where i,*[nTs], io*[(n — 1)Ts], and i,*[(n — 2)Ts] are the reference load current at the present-step,
the one-step before, and the two-step before, respectively.

A simulation waveform of the output current of the single-phase inverter obtained by the conv-MPC
method is shown in Figure 2. The switching pattern waveforms and the fast Fourier transform (FFT)
waveform are also included in Figure 2, where the frequency spectrum was spread over a wide range
of frequencies.

conv-MPC method
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Figure 2. Simulation result of the output current (i,), reference current (i,*), switch state (Ss, Sp),

and fast Fourier transform (FFT) analysis of output current (i;) by the conventional model predictive
control (conv-MPC) method (R = 1.5 Q), L =24 mH, and Ts = 200 ps).

3. Proposed Predictive Control Method for Single-Phase Inverter

In the proposed method addressed in this paper, two voltages, among the three achievable
in the single-phase voltage source inverter (VSI), are selected and applied in one sampling period,
which affects switching patterns with a constant switching frequency, such as those of sinusoidal PWM
(SPWM) combined with the PI controller [26]. After choosing the two voltages, the two selected voltages
are adequately divided to synthesize the switching forms with a fixed switching frequency. There exist
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three sets with two voltages in the single-phase VSI, which are {0, V}, {0, =V}, and {—Vy, V).
However, a set with {V;., —V;.} obviously leads to the largest current ripples in the output current.
Thus, the proposed method incorporates the advantages of two sets with two voltages, i.e., {0, V;.}
and {0, —Vy.}.

Figure 3 shows the concept of the proposed method with the two sets of two voltages, e.g., {0, V]
and {0, —V.}, where the proposed method is forced to a no-current error at every sampling instant.
It is seen that one set between the two sets can be simply selected on the basis of reference current slope.
As shown in Figure 3, the load current created by applying the voltage V ;. in Equation (2) is represented

by iy e [(n+2)Ts]. Similarly, the load currents created by applying zero and — V. voltage are denoted

iZ[(n + 2)Ts] and i, Ve [(n + 2)T;], respectively. As shown in Figure 3a, in the case in which the
reference current at the next step is higher than the reference at the present step, the set {0, V 3.} is used
to increase the actual current in the next step. On the other hand, a set {0, —V/} is applied to decrease

the actual current when the slope of the reference current is negative, as shown in Figure 3b.

n n n n
TZE ro TaCI TZEI’O Tact

selection > slope=meero[NTs]

§i5“°[(n+ i[(n+1)T]

DTy

i [(+1)T
slope=mac[NTs] :

i; H

—

/‘ Secg>e- slope=ma«[nTs] selection
slope=miero[NT5]
s TetTo (DT (n+2)T, e NTetThe ()T, (n+2)T,
Time [s] Time [s]

(a) (b)

Figure 3. According to reference current slope, two switching state selections (a) positive reference
slope; (b) negative reference slope in proposed method.

a
such as V;, and —V,, in the nth sampling period, respectively. In one sampling period T, it always

should be satisfied that

Assume that T?,,, and T", are the time durations for the zero-voltage and the active voltage,
zero ct g g

T;ero + :ct =T; (6)

With the two voltages applied during the time periods T},,, and T}, the prediction of the output
current at the next step is expressed as

io[(n +1)Ts] = ip[nTs] + Mzero [N Ts] * Tlpy + Mact [nTs] * Tyey, (7)

where, m010[1Ts] and mye¢[nTs] are the slopes of the output current produced by the zero and the active
voltages during the nth sampling period, respectively. The slopes 111, [11Ts] and 1 [1Ts], which are
represented in (8) and (9), are acquired by Equation (2).

OUzero {nTs] — Ri, {TlTs] - E[I’ITS]

mzero[nTs} = I (8)
— RipnTs + TV, | —e[nTs + TE
Maet [nTs] _ vaCt[nTS] ZO[” s +L zero] e[n s T zero] (9)

where, Usero[nTs] and v, [1Ts] are the zero and the active voltages during the nth sampling period,
respectively.
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Because of the much lower frequency of the back-emf voltage than the sampling frequency,
two back-emf voltages inside one sampling period can be assumed to be equal.

e[nTs + TL,,| ~ é[nT;] (10)

Because of the inevitable control delay of one-step prediction, the two-step prediction in the
proposed method is introduced to compensate [23]. By shifting Equations (7)—(9) one step ahead,
the compensated output current i,[(n + 2)T;] is calculated on the basis of the shifted versions of (7)—(9)
with Equation (10). In addition, the output current i,[(n + 2)T;] can be replaced with the reference
current i3 [(n + 2) Ts], by assuming that the actual current follows the reference value at the two-step
future with no current error. Thus, one can obtain

n+1
TZL’VU

i2[(n+2)T) = io[(n+ 1) Ts] + B2 (vser0[(1n + 1) Ts] — Rig[(n + 1) Ts] — e[(n + 1) Ts])
+ BTk (vm[(n + )T = Riol(n + 1) Ts] = KB (000 [ (1 + 1) Te] = Rig[(1 + DT] — e[ (n + 1) Ts]) — e[(n + 1)Ts])~

(11)

Furthermore, in a similar manner to that represented in (3), the predicted back-emf vector can be
considered the present back-emf voltage, and is expressed as
e[(n+1)Ts) = é[nT;s] = TT (vzero[nTs] — Rip[nTs]) + Tjé'g (vact[nTs] — Rip[nTs + T2, ]) — T%[ia[(n +1)Ts] —ip[nTs]]  (12)

As a result, the time duration T4} can be calculated by solving (11) and (12), as

i1 RxTi—(a=b)Lxy/((a—b)L—Rx Ty > —4(ax (io [ (n+1) Ts] —i5[(n+2)Ts]) x [2R—abx Ty x LR )
Tzero = 4R 7

(13)

where a = Vzero| (1 + 1) Ts] — Rip[(n +1)Ts) — e[(n + 1) Ty and b =
Vet [(n +1)Ts] — Rip[(n +1)Ts] —e[(n + 1) Ts] .

Because the time duration TZ.};! should be equal to or greater than zero, only a positive value is
selected between two possible values obtained from (13). Once the period T/5} is calculated, the time
interval T"1! is determined by (6). Thus, the two output voltages are distributed according to the

act

time durations of T/} and T;jl in one sampling period. It is shown in Figure 4a that the simple

application of the two voltages assigned during the interval of T4 and T”./* in one sampling period
results in a variable switching frequency, although two-voltage utilization helps reduce the current
ripples. Thus, in this paper, in order to achieve switching patterns with a constant switching frequency,
two selected voltages are divided as shown in Figure 4b, similar to the sinusoidal PWM method.
Figure 4b represents the switch states with the symmetric switching pattern obtained by the proposed
method, in the case that the reference current increases. As shown in Figure 4b, the entire time duration
for the zero-voltage, TZ;7!, is divided into three intervals. In addition, the switching state (00) is used
for the zero-voltage application during T!%}!/3, in the beginning of and at the end of the sampling
period, as shown in Figure 4b. On the other hand, the zero-voltage is generated by the switching state
(11) during TZ:!/3, in the middle of the sampling period. The active voltage, which can be V;, or
—V4. depending on the slope of the reference current, is separated into two intervals, as shown in
Figure 4b. Therefore, the proposed switching technique guarantees one switching commutation with a
symmetric switching pattern during one sampling period for all the four switches in the single-phase
VSI. Figure 4b shows that the proposed method results in symmetric patterns with a constant switching
frequency. In addition, it is seen from Figure 4b that the switching shapes of the proposed method
without any PWM operation is the same as those in the sinusoidal PWM method. Figure 4c illustrates
the circuit operation of the proposed method during one sampling period, in the cases of positive and

negative slopes of the reference current.
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io” [(M+1)Tg] > " [(+2)T4]

Figure 4. Illustrative operation of the proposed method. (a) Without division of time intervals;
(b) switching patterns of the proposed method; (c) circuit operation of the proposed method during
one sampling period.

In the proposed method, the error between the reference and the actual load currents is forced
to be zero at the instant of the next sampling instant at steady state. On the other hand, this current
error cannot be zero during transient periods, which has a large step change in the reference current.
Figure 5 shows an example of a transient state in which the slope of the reference current change
during one sampling period is greater than the maximum slope of the actual current generated by
one output voltage applied during the entire sampling period. As shown in Figure 5, the output
voltage applied during the sampling period cannot make the current error at the (n + 2)th instant
completely zero. It should be noted that the time calculated in Equation (13) does not exist between 0
and Ts. For this transient state, the proposed method sets the TZ.}! to zero and set the time of T;’jl
to T to obtain a fast transient response. This allows for fast transient response using only non-zero
switching states, such as the conventional predictive control, when transients occur.
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Figure 5. Current behaviors with step change of reference current during a transient response.

Figure 6a illustrates a flowchart to explain how the two optimal voltages are selected and how
the optimal durations of the two voltages are calculated in the proposed method. In addition, a block
diagram is presented in Figure 6b that includes the method by which the inevitable delay of the
digital signal processor (DSP) in the practical experiment is compensated. In addition, the comparative
remarks among the existing methods with a constant switching frequency and the proposed method is
illustrated in Table 1.

| sample io[NTs] |

!

[NTs]*T,

zero

L[+ DTo] = i [(n + DT |

i [(N+DTs] =iy [nTs]+m [nTs]+m, [nTs]* T, [nTs]
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select vigh' [(n+ )T, vi [(+1)TJ] | | select vigh [(+D)Ta], vah [(1+1)T:]

calculate T3, Tast
in (7), (14)

!

divide Tz, Taer

No

Trer0>0

apply Vzero [(N+1)Ts], Vaat [(+1)T] apply
for Tar, Taut Vact[(n+1)T4] for T

(a)

Figure 6. Cont.
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Figure 6. (a) Flowchart of the proposed method; (b) block diagram of the proposed method.

Table 1. Comparison of conventional model predictive control (MPC) methods with constant switching

frequency and proposed method.

Phase MPC Method Vector Selection Duty Time PWM Block Topology Control Target
Ref. [17] Find sector like SVPWM using Conventional Conventional Converter Complex power
' model-based on V%,V * SVPWM SVPWM piexp
Find sector like SVPWM using Conventional Conventional
Ref. [19] model-based on Vg*,V* SVPWM SVPWM Converter Current
Ref. [21] Find sector like SVPWM using Conventional Conventional Inverter for Torque and
: model-based on V*,Vg* SVPWM SVPWM PMSM stator flux
three-phase Zero power
Find sector like SVPWM using Modified
Ref. [22] grid angle error as’; ;ge next SVPWM Converter Complex power
Ref. [15] Find sector like SVPWM based Conventional Conventional Inverter for Torque and
et on V/0 using cost-function SVPWM SVPWM PMSM stator flux
Ref. [20] Find sector like SVPWM using  Differentiating Conventional Converter for Current
’ grid angle the cost function SVPWM Wind turbine
Ref. [10] Find sector like SVPWM using Conventional Conventional NPC Complex power
et model-based on V*,Vp* SVPWM SVPWM Converter ompiexpowe
Find sector like SVPWM usin, . -
single-phase Ref. [23] model-based on Vo,V * & CBPWM using modulation index Converter Complex power
Proposed .ACtIVE vector/zero vector Zero current No PWM block Converter Current
method using slope of reference current error at next step

4. Simulation and Experimental Results

Simulation of the proposed method with the single-phase VSI has been done with Ts = 200 ps,
V4ac =100V, and an R-L load of R = 1.5 () and L = 24 mH. To validate the performance of the proposed
method, the conv-MPC method was simulated with Ts = 33 us, because this condition leads to almost
the same average numbers of switching with the proposed method with Ts = 200 ps. Moreover,
the sinusoidal PWM method along with the PI controller, which is henceforth called the PI-PWM
method, was also implemented with the same carrier frequency T, = 200 us as the proposed method,
because the proposed method results in the constant switching frequency operation, similar to the
sinusoidal PWM method with the PI controller. Table 2 shows the parameter values for both the

simulation and the experiment.
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Table 2. Parameter values for simulation and experiment.

Parameters Values

Ve 100 V

R (load resistance) 150

L (load inductance) 24 mH

Ts (sampling period) 200 ps

Tsw (carrier period) 200 us

favg (average switching frequency) 5kHz

io* (reference current) 5A

Figure 7 represents the simulation results of the output currents and the upper switch patterns
during steady states in the conv-MPC, the PI-PWM method, and the proposed method. The output
current waveforms obtained from the three methods show excellent regulation with the reference
current, irrespective of the different algorithms. However, the patterns of the switch states (S;, Sp,) look
different, where the conv-MPC method yields varying switching patterns with irregular switching
waveforms. On the other hand, the switching forms of both the PI-PWM method and the proposed
method are regular because both methods turn on the switches once per sampling period. This is
clearly seen in Figure 8, with the FFT analysis waveforms obtained by the conv-MPC, the PI-PWM,
and the proposed methods under the same average switching frequency. In contrast to the conv-MPC
method with a varying frequency spectrum of output current, the proposed method results in an
output current frequency spectrum concentrated in multiples of the sampling frequency, similar to the
PI-PWM method, which helps design the output filter.

10 : : conv-MPC me:thodi 10 . . . PI-I?WIV! method .

006 0072 _008 _ 0088 0096
Time [s]

0.06__ 0072 _008 . ~6:088 _ 0096

0.08

— Time [s] - _

o S
so LU UL LT
=71 S N |
s R | |

— o— 1L J L 1L]

0.0797 0'079%ime [SO].OSOl 0.0803 0.0797 0.0799|_ime[s(:)|.0801 0.0803
(a) (b)

Figure 7. Cont.
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Figure 7. Simulation results of the output current (i,) and the reference current (i,*) and upper switching

states (S;, Sp) with same average switching frequency. (a) conv-MPC (Ts = 33 ps); (b) the sinusoidal
PWM method along with the PI controller (PIPWM) (T = 200 ps); (c) proposed method (Ts = 200 ps).
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Figure 8. FFT analysis of output current (i,) with average switching period (favg = 5 kHz): (a) conv-MPC
(Ts = 33 us); (b) PI-.PWM method (Ts, = 200 ps); (c) proposed method (Ts = 200 us).

Figure 9 shows the simulation results of the output currents and the upper switching states
with transient conditions and magnitude and frequency changes of the reference current. It is seen
that the output current regulated by the conv-MPC method tracks the reference current with fast
speed during the magnitude step change from 5 A to 2.5 A due to one switching state lasting for
consecutive sampling periods. On the other hand, the PI-PWM method, which operates in both the
over-modulation and the linear modulation regions, shows slower dynamics than the conv-MPC
method. The proposed method utilizes one active voltage during entire sampling period like the

conv-MPC method during the magnitude step- change as shown in Figure 9c, which leads to dynamics
as fast as the conv-MPC method. Therefore, the proposed method can show switching patterns with
fixed switching frequency like the PI-PWM method in the steady state and fast dynamic response like
the conv-MPC method in the transient response. Figure 9d illustrates the transient responses of the
frequency change of the three methods.
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Figure 9. Simulation results of output current (i,), reference current (i,*), and upper switching states
(Sa, Sp) used by (a) conv-MPC (Ts = 33 pus) with magnitude change (5 A — 2.5 A); (b) PI-.PWM
(Tsw =200 ps) with magnitude change (5 A — 2.5 A); (c) proposed method (Ts = 200 ps) with magnitude
change (5 A — 2.5 A); (d) three methods with frequency change (60 Hz — 90 Hz).

Figure 10 shows the comparative results of the conv-MPC, the PI-PWM, and the proposed methods
in terms of total harmonic distortion (THD) and current errors, as a function of the switching frequency.
For fair comparison, the average switching frequency of the conv-MPC method with varying switching
frequency was equally set to the switching frequency of the PI-PWM and proposed methods. The total
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harmonic distortion (THD) and the mean absolute error values of the load currents are defined in (15)
and (16).

i2 i2 i2 2
o tlog T ls -+ 1

THD (%) = 100 x \/

(14)
11
1 ksamp
MAE = — 2 lio(n) — i3 (n)|, (15)
samp p—1

where i1 and iy, are the fundamental and nth harmonic components in load current, respectively.
The value of 7 is 8333 in this comparison. The value of ksup is set to 17,000 per fundamental period.
From Figure 10, it can be seen that the proposed method results in almost the same performance
as the conv-MPC and the PI-PWM methods, from the perspective of the output current quality and
current errors, under the conditions of the same average switching frequency. As a result, the proposed
method can yield fixed switching frequency as well as the same THD and current error performance
as the conv-MPC approach.

1.2 0.035
\ ——g@— conv-MPC e coNv-MPC
105—A —&— PIPWM || 003 \ —a— PIPWM ||
—#—— Proposed
\ \ 3= Proposed
A

_ 09 <0025
4075 3 0.02
E ‘\\A\ = \\\\
L
06 5 0015
o \%
0.45 Q 0.01
03 0.005

10 4 10

5 6 7 8 9 5 6 7 8 9
Average switching frequency [kHz] Average switching frequency [kHz]
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Figure 10. Comparative results of the output current and reference current used by the conv-MPC,
the PI-PWM, proposed method methods as a function of the average switching frequency (favg = 5 kHz):
(a) THD values; (b) current errors (V. =100V, i,* =5 A).

Figure 11 represents the loss performance as function of load angle under the constant power
condition, where Pzrs 5 , P:thp ,and Pt’;rtf; represents conduction loss, switching loss, and total loss of

the proposed method, respectively. Likewise, P17, P7Y, and P") indicate the conduction loss,
switching loss, and total loss of the conventional method, respectively. The conduction loss,
switching loss, and total loss of the PI-PWM method are PCIZZIP ULy Pslzgz;P WM " and Pﬂﬁp wM
respectively. With the constant power conditions, the load current increases as the load angle
increases. Thus, it can be seen that both the conduction losses and the switching losses increase
due to the increased load current magnitude in all three methods, as shown in Figure 11a. In addition,
the switching losses of the three methods are almost equal due to the equal average switching frequency
from Figure 11a. The conduction losses and the corresponding total losses of the three methods are
also almost the same, as can be seen from Figure 11a,b. Although the total losses of the conv-MPC and
proposed methods are similar, they have different loss distributions among the four switches. The loss

imbalance between the upper and lower switches is defined by

upper lower
Ptoml - Ptotal )

ALoss (%) =100 x ( , (16)

b total
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where Ptlﬂ’ler and Ptlg;;’f’ show the total loss of the upper and lower switches, respectively. Figure 11c
illustrates the loss imbalance versus the load angle of the three methods. It is seen that the proposed and
PI-PWM methods lead to even loss balance regardless of the load conditions, whereas the conv-MPC
method shows an uneven loss profile focused on either the upper or the lower switches. Because the
switching operation of the conv-MPC method happens at a certain switch, as shown in the switching
waveforms in Figure 7a (only S;), the loss profile is concentrated to either the upper or lower switch,
which changes by load conditions. However, the proposed method with a regular switching operation,
as shown in the switching waveforms in Figure 7c, leads to loss balance among the switching devices,
just as in the PI-.PWM method with the switching waveforms in Figure 7c, as shown in Figure 11c.
Therefore, one can note that the proposed method exhibits the same loss performance as the PI-.PWM
method because of their similar switching patterns with fixed switching frequency, as shown in the

switching waveforms in Figure 7b,c.
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Figure 11. Loss performances of the three methods as a function of load angles. (a) Conduction and
switching losses; (b) total losses; (c) loss unbalance (favg = 10 kHz, V4. = 450 V, Pout = 1 kW).

The proposed method with constant switching frequency has been validated by experimental
results using a prototype setup that consists of R =1.5Q, L =24 mH, V4. =100V, and T = 200 ps
with an insulated gate bipolar mode transistor (IGBT) module (SKM50GD123D) of a single-phase
voltage source inverter. For comparison, the conv-MPC method with a sampling period of 33 ps and
the PI-PWM method with a switching period of Ts;, = 200 ps were tested together with the proposed
method. Note that the sampling frequency of the conv-MPC method was set for the purpose of
obtaining the same average switching frequency as the two other methods. The three control methods
were implemented on a DSP board (TMS3020F28335) to synthesize a sinusoidal output current with a
5-A magnitude and a 60-Hz fundamental frequency. A photograph of the prototype setup is shown in
Figure 12.

VSi wil
diode rectifier

DSP board
(TMS3020F28335)

Figure 12. Photograph of the prototype setup for single-phase VSI.

Figure 13 represents the experimental results of the output current waveform and the switching
patterns of the two upper switches, obtained by the three methods. It is seen that the three methods
lead to the same sinusoidal output current waveforms. However, the switching patterns of the three
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methods are different. Where the conv-MPC method shows switching waveforms with a variable
switching frequency, the proposed method exhibits switching patterns with a constant switching
frequency, which looks similar to those of the PI-PWM method.
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Figure 13. Experimental results of the output current (i,), the reference current (i,*) and upper switch
states (S4, Sp,) obtained by (a) conv-MPC method (Ts = 33 us); (b) PI-PWM method (Ts, = 200 ps);
and (c) proposed method (Ts = 200 us).

Figure 14 illustrates the experimental performance of FFT analyses of the three methods.
The conv-MPC method in Figure 14a shows the frequency spectrum spread over a wide frequency range.
On the other hand, the proposed method in Figure 14b has a frequency spectrum focused on multiples of
the sampling frequency, which is analogous to that of the PI-PWM method shown in Figure 14c. It is good
that the switching frequency is fixed for the design of output filter, which relies on the switching frequency.
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Energies 2017, 10, 1927 18 of 21

PI-PWM methqd

35
5
3
£25 .
g o
‘5‘0 5 J

0 5000 10000 15000 20000 25000
Harmonic Frequency [Hz]
(b)
35 proposed method

N
[l

Mag [% of Fundamental]
-
(9]

lo
0.5 < :‘
T A Ju il n .
0 5000 10000 _ 15000 . 20000 25000
Harmonic Frequency [Hz]

(©)

Figure 14. Experimental results of the FFT analysis of the output current (i,). (a) conv-MPC method
(Ts = 33 ps); (b) PI-PWM method (Ts, = 200 ps); (c) proposed method (Ts = 200 us).

Figure 15 represents the experimental results of transient responses with magnitude and frequency
step changes. The output current wave forms of the three methods track the reference changes,
which are the same as the simulation results. From Figure 15, it can be seen that the dynamic response
of the proposed method is as fast as the conv-MPC method. In fact, the proposed method yields a faster
response than the PI-PWM method during the transient period, as shown in Figure 15b,c. Therefore,
the proposed method can generate switching patterns with a constant switching frequency similar
to the PI-PWM method during steady state, which facilitates the resolution of filter design issues.
In addition, the proposed method can maintain dynamics as fast as those of the conv-MPC method,
which is faster than the PI-.PWM method.
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Figure 15. Experimental results of output current (i,), the reference current (i,*), and the upper switch
state (Sg, Sp) by (a) conv-MPC (Ts = 33 ps); (b) PI-PWM method (Ts, = 200 ps); (c) the proposed method
(Ts = 200 ps) during magnitude change (5 A — 2.5 A); (d) frequency change (60 Hz — 90 Hz).

Experimental power data were measured to calculate power losses obtained by the three control
methods, where each method was performed under the same input power and load conditions.
The output power of each method was measured through an oscilloscope (MSO3054). The efficiencies
of the conv-MPC, the PI-PWM, and the proposed method are 94.3%, 95.5%, and 95.4%, respectively,
all of which are similar, just as in the simulation study.

5. Conclusions

In this paper, an advanced predictive control algorithm with constant switching frequency for load
current control is proposed for single-phase voltage source inverters. The proposed method uses only
the slope of the reference current to select the switching state, and it uses the online optimization process
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to eliminate the error between the reference current and the actual current in the future step, thereby
calculating the optimal duty cycle. This approach is simpler because the optimal switching state can be
easily selected without constructing virtual orthogonal quantities, in comparison with existing studies
of single-phase converters. In addition, the proposed method develops switching patterns with a fixed
switching frequency by appropriately dividing the zero-voltage state and the non-zero-voltage state,
without employing the PWM modules. The proposed method has advantages of simple optimal
voltage selection and not using PWM block, compared to existing methods. The performance of the
proposed method was compared with that of the conventional predictive current control method with
varying switching frequency and that of the PI-controller-based PWM method. The proposed method
can generate switching patterns with a constant switching frequency, similar to the PI-controller-based
PWM method during steady state, which facilitates the resolution of filter design issues. In addition,
the proposed method can maintain the fast dynamics of the conventional predictive current control
method, which is faster than the PI-controller-based PWM method. The performance of the proposed
method was validated with both simulation and experimental results for single-phase voltage
source inverters.
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