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Abstract: The precision of deadbeat direct power control depends on the parameters of the system
model. In wide frequency applications, such as multi- electric aircraft and electric vehicles, variations
in frequency and resistive parameters will affect the control effect. The AC side voltage frequency
of the generator rectifier varies widely, which will lead to a steady-state reactive power error in the
deadbeat direct power control. In addition, the large temperature variation range during the operation
of the multi-electric aircraft and electric vehicles leads to large changes in the filter inductance and
line resistance of the AC side, and the model parameters do not match the actual parameters, which
will further deteriorate the control accuracy. In this paper, a PWM rectifier control method is proposed
for the occasions when the frequency and temperature change are in a wide range. Using repetitive
control and power compensation, it solves the problems of steady-state reactive power error and
control accuracy degradation caused by the mismatch of model parameters under severe operating
conditions. The control method can precisely adjust the output DC voltage of PWM rectifier, and
it also can maintain unity power factor and reduce the total harmonic distortion rate of the input
current. The effectiveness of the proposed control method is verified by the experimental results.

Keywords: wide frequency PWM rectifier; deadbeat direct power control; repeated control; power
compensation; multi-electric aircraft; electric vehicles

1. Introduction

Electrically powered vehicles, such as More Electric Aircraft (MEA) and electric ve-
hicles (EV), consume less energy, have fewer emissions and maintenance, and cost less
than conventional fossil-fueled vehicles. Combining electric drives with power electronic
control strategies in MEAs and EVs improves overall system efficiency, reduces weight and
costs, and meets reliability requirements [1,2].

In some commercial transport equipment, such as Boeing 787 and Airbus A380, the
main engine generator is directly coupled to the jet engine through the gearbox, the AC
voltage frequency of the aircraft is proportional to the engine speed, and the voltage
frequency is between 360 Hz and 800 Hz [3]. The three-phase AC voltage is rectified by
using an AC-DC converter before distributing to the aircraft DC load. Conventional aircraft
use a transformer rectifier unit [4] or an autotransformer rectifier unit [5] to provide a
DC side voltage with multiple pulses (12 or 18 pulses). These rectifying devices have
met the requirements of the DO-160G for current harmonics but with enormous weight
and volume [6]. PWM rectifiers are attracting much attention as they use fully controlled
switching devices to control the AC-side current and DC-side voltage through switching
choppers. Compared to autotransformer rectifiers, PWM rectifiers have a smaller size and
weight and a wider control frequency. A suitable PWM control strategy can enhance the
dynamic and static performance of the system, improve the stability of the DC-side voltage
and reduce the total harmonic content of the AC current. Two-level, multi-level PWM
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rectifiers and Vienna rectifiers, for example, have power factor correction capability and
can operate at a unit power factor. They also have the advantages of simple construction,
a low number of semiconductor devices, and low total harmonic distortion of the input
current [7–9]. Therefore, PWM active rectifiers have more advantages than conventional
rectifiers in wideband power supplies.

Since direct power control does not require a current loop, the active power and
reactive power of the system can be directly adjusted by checking the switch table to select
the appropriate voltage vector. It is mostly used in motor speed control systems, active
filters, etc. Direct power control require high dynamic performance of the rectifier. Due to
its superior power control performance, it has been deeply studied by scholars.

Because a hysteresis comparator is used for power regulation in direct power control,
the switching frequency changes, and high sampling frequency sensors are needed to
obtain good control performance [10]. To solve the above problems, domestic and foreign
scholars proposed a fixed frequency direct power control method. Reference [11] fixed
frequency control is realized by using a PI regulator and SVPWM to direct the active and
reactive power compensation, and the line voltage sensor was replaced by the virtual flux
estimator. It has the characteristics of a simple algorithm, good dynamic response and
constant switching frequency, especially when the supply voltage is not ideal; this scheme
can reduce the total harmonic distortion. In reference [12], a control strategy combining
direct power control and SVPWM was further established to compensate for voltage drop
and harmonics under non-ideal conditions. Some of the literature improves the control
performance of direct power control by using nonlinear controllers. In reference [13],
sinusoidal input current with unit power factor can be generated using model predictive
control without any current controller or modulator. The system has the characteristics of a
fast dynamic response of directly controlling the input power. The literature [14] achieves
a reduction in dc-side voltage bias under wide frequency conditions by using a double
low-pass filter, but the problems of reactive power error and controller parameter mismatch
are not investigated.

If the prediction model does not match the actual system parameters, the normal
operation of the system will be affected, and the system will be unstable [15]. In order
to solve the problem of parameter mismatch, scholars have proposed different solutions.
In reference [15], a robust model predictive current controller with disturbance observer
is proposed for three-phase voltage PWM rectifier. Luenberger observer is constructed
for parameter mismatch and model uncertainty. The proposed method has fast dynamic
response and good robustness. The literature [16] proposes a model predictive current
control with fixed switching frequency and deadband compensation that has lower current
THD compared to direct power control methods. In reference [17], robust current predictive
control based on internal model disturbance observer is proposed to achieve accurate
current loop control, which can achieve fast and accurate control when parameters are
disturbed and there is model mismatch. This method significantly improves the robustness
of the system. In reference [18], the relationship between parameter mismatch and current
control effect is deduced on the basis of the discrete domain model of voltage type rectifier,
and an improved model predictive control strategy for grid-connected parameter mismatch
is proposed. The method is to correct the beat free control parameters in real time through
on-line inductor identification. The simulation and experimental results show that the
on-line inductance identification control strategy can accurately identify the inductance in
static and dynamic processes, reduce the dependence of the deadbeat on the accuracy of
model parameters, and improve the fault tolerance rate of the control system. According
to the variation and uncertainty of input filter impedance, an adaptive model predictive
control is proposed in reference [19], the proposed method can adaptively adjust the
model parameters in the predictive equation and improve the stability of the model. The
proposed modeling scheme of automatic adjustment does not require additional sensors
while keeping the controller simple. Although the above predictive control schemes are
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effective, the fundamental frequency of the AC side of the rectifier is constant by default,
and there is no measure to solve the error caused by frequency parameter mismatch.

American scholars proposed a deadbeat direct power control scheme combined with
the variation of sampling frequency of instantaneous PLL, the proportional integral con-
troller was used to adjust the voltage of the DC bus so that the total harmonic distortion
was low and the AC side kept the unit power factor [20]. Since the expected value of
the instantaneous reactive power is 0 and there is no control loop, the accumulation of
reactive power error will occur under the condition of frequency and inductance resistance
parameter mismatch, resulting in the steady-state error of the instantaneous reactive power,
and the power factor will be affected by the steady-state error of the reactive power and
thus reduced.

In this paper, the control strategy is improved to solve the problem of reactive power
steady state error when the frequency changes and the model parameter mismatch is
caused by the parameter changes. In the improved strategy, repeated control is added,
and the error of instantaneous reactive power is repeatedly accumulated and iterated to
reduce the steady-state error of reactive power. At the same time, a power compensation
module is added to solve the extra instantaneous reactive power caused by the change of
model parameters, which can quickly respond to the change of parameters and make the
reactive power more stable than the traditional method under wide frequency conditions.
The specific scheme is shown in Figure 1. The whole system is divided into five modules:
rectifier module, filter module, phase locked loop module, improved repetitive control
module and PI control module. This paper mainly introduces the improved repetitive
control modules.
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Figure 1. Control system block diagram.

The first section describes the modeling and lead control strategy of the three-phase
AC-DC converter. In Section 2, the deficiency of lead control and the improvement of
repeated control method are explained. In Section 3, experimental results are presented to
demonstrate the performance of the proposed control scheme.

2. PWM Rectifier Model and Traditional Deadbeat Direct Power Control Strategy
2.1. Mathematical Model of Voltage Type PWM Rectifier

The main circuit topology of three-phase voltage PWM rectifier is shown in Figure 2.
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Figure 2. Topological structure of main circuit of a three-phase voltage source-type PWM rectifier.

In the Figure 2, Va, Vb and Vc are three-phase symmetric AC voltages, ia, ib and ic
are corresponding three-phase AC currents, S1–S6 are six way switches, Vdc is the DC side
voltage of the rectifier, Lf is the filter inductor, Rf is the sum of the resistance in the filter
inductor and the equivalent resistance of the switch loss, and Rdc is the load resistance.

Based on Figure 2, assuming that the three-phase voltage of the AC side of the system is
balanced and sinusoidal, the mathematical model of the PWM rectifier can be expressed as [14]

VRa = Va − Rfia − Lf
dia
dt

VRb = Vb − Rfib − Lf
dib
dt

VRc = Vc − Rfic − Lf
dic
dt

(1)

where VRa, VRb and VRc represent the three-phase voltage value of the voltage type
PWM rectifier side. Using the method of coordinate transformation in motor control,
the parameters in the above equation are transformed into the αβ two-phase stationary
coordinate system by orthogonal transformation. The mathematical model of the voltage
type PWM rectifier in the stationary coordinate system is identified and obtained as [21]{

VRα = Vα − Rfiα − Lf
diα
dt

VRβ = Vβ − Rfiβ − Lf
diβ
dt

(2)

PWM rectifiers are composed of controlled semiconductor devices turned on and off
by a pulse signal from the controller. PWM rectifiers have a higher switching frequency
than conventional rectifiers and can provide a higher sampling frequency to meet the
requirements of high precision control algorithms.

2.2. Deadbeat Direct Power Control Strategy

Deadbeat direct power control is a constant switching frequency model predictive
control scheme based on the principle of deadbeat control [18]. The main objective of the
control scheme is to adjust the output DC bus voltage and perform power factor correction.
The specific implementation scheme is as follows. Firstly, the forward Euler formula is
used to discretize Equation (2){

VRα[k] = Vα[k]− Rfiα[k]− Lf
Ts
(iα[k + 1]− iα[k])

VRβ[k] = Vβ[kk]− Rfiβ[k]− Lf
Ts
(iβ[k + 1]− iβ[k])

(3)

where iα[k + 1] and iβ[k + 1] are the components of the line current at time (k + 1)Ts in
the stationary coordinate system. The instantaneous active power p and the instantaneous
reactive power q at time (k + 1)Ts are expressed asp[k + 1] = 1.5

(
Vβ[k + 1]iβ[k + 1] + Vα[k + 1]iα[k + 1]

)
q[k + 1] = 1.5

(
Vβ[k + 1]iα[k + 1]− Vα[k + 1]iβ[k + 1]

) (4)
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When the two sets of equations in Equation (4) are simultaneous, iα[k + 1] and iβ[k + 1]
can be expressed by instantaneous active power and instantaneous reactive power, as below

iα[k + 1] = 2
3

p[k+1]Vα[k+1]+q[k+1]Vβ[k+1]
V2
α[k+1]+V2

β[k+1]

iβ[k + 1] = 2
3

p[k+1]Vβ[k+1]−q[k+1]Vα[k+1]
V2
α[k+1]+V2

β[k+1]

(5)

The current, voltage and power in the above equation are expressed in the plural form
x = xα + jxβ, and the expected value of instantaneous active power p[k + 1] = pref[k + 1]
is set, which is output by PI controller. In order to make the power factor 1, the expected
value of instantaneous reactive power q[k + 1] = qref[k + 1] = 0 at the time of (k + 1)Ts can be
obtained after sorting

i[k + 1] =
2
3

pref[k + 1]
(V[k + 1])∗

(6)

where V[k + 1] represents the composite vector of the power supply voltage vector at time
k + 1 and can be represented by the rotation ωTs Angle of the composite vector V[k] at
time k

V[k + 1] = V[k]ejωTs (7)

where ω is the Angle frequency of three-phase AC power supply, which can be obtained by
using the instantaneous PLL. The plural form of (3) is written as

VR[k] = V[k]− (Rf −
Lf
Ts

)i[k]− Lf
Ts

i[k + 1] (8)

Substitute Equations (6) and (7) into Equation (8)

VR[k] = V[k]− (Rf −
Lf
Ts

)i[k]− 2
3

Lf
Ts

pref[k + 1]
(V[k]ejωTs)

∗ (9)

Use (9) to calculate the target space vector on the rectifier side, decompose it into the
stationary coordinate system and generate the switching signal in the SVPWM module.

2.3. Parameter Sensitivity Analysis under Wide Frequency Conditions
2.3.1. Analysis of Resistive Sensitivity

In the power system of a multi-electric aircraft, the main generator is connected
directly to the jet engine through a gearbox, so the frequency of the three-phase AC power
varies rapidly, resulting in large temperature variations inside the aircraft. Under such
temperature changes, the permeability and saturation point of the filter inductance change,
which leads to significant changes in the filter inductance value [19].

The traditional deadbeat direct power control is a control method based on discrete
model. Due to the change of external factors, the model parameters do not match the actual
parameters, which affects the control effect. In order to evaluate the influence of parameter
variation on the model, this section focuses on the sensitivity of parameter variation to
deadbeat direct power control.

Firstly, the influence of resistive changes on control is analyzed. According to Equation (8),
the model with parameter disturbance is shown as follows:

i[k + 1] =
Ts

Lf
(V[k]− (Rf −

Lf
Ts

)i[k]− VR[k]) (10)

The estimated current value of the actual parameter model at kTs time is:

i∗[k + 1] =
Ts

L∗
f
(V[k]− (R∗

f −
L∗

f
Ts

)i[k]− VR[k]) (11)
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where i*[k + 1] is the estimated value of the actual current, R∗
f is the actual value after the

change of the line resistance, L∗
f is the actual value after the change of the line resistance,

R∗
f = Rf + ∆Rf, L∗

f = Lf + ∆Lf, where ∆Rf and ∆Lf are the changes of the line resistance and
filter inductance from the actual and given values, respectively.

The error vector e is obtained by making the difference between the estimated current
vector of the actual deadbeat direct power control and the current vector estimated by the
model with parameter perturbation.

e[k] = i[k + 1]− i∗[k + 1] =
Ts(L∗

f −Lf)V[k]
LfL∗

f

−Ts(L∗
f −Lf)VR[k]

LfL∗
f

− Ts(RfL∗
f −R∗

f Lf)i[k]
LfL∗

f

(12)

When the system rating parameter is used in Equation (12), the relationship between
the change of the estimated current value and the change of inductance resistance is shown
in Figure 3.
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When the resistance R∗
f changes, the error e of current estimation basically does not

change, so the influence of resistance on the model is ignored. When the inductance changes
from 0.5 mH to 1.5 mH, the error of current estimation will be significantly affected. The
reason for the change of inductance value is specifically explored through the expression of
inductance, namely:

L =
0.4π × µ × N2 × Afe

l
(13)

where µ represents the permeability, N is the number of turns of the coil, Afe is the cross-
sectional area of the core, l is the length of the magnetic circuit, and the only parameter
that can be changed after the inductor is made is the permeability µ. Therefore, the
inductance value changes with the change of permeability. For example, Figure 4a shows
the relationship between the permeability of a company’s material and temperature change,
and Figure 4b shows the relationship between permeability and frequency change.

By observing the above measurement results, it can be concluded that when the per-
meability of filter inductor is used in different temperature and frequency environments,
the actual value will become larger or smaller. The deadbeat direct power control scheme’s
performance depends on the accuracy of the model parameters. As the acceleration and
deceleration of the engine causes the temperature within the motor to change, the perme-
ability and saturation point of the filter inductor changes, and ultimately the inductance of
the filter changes. When the deadbeat direct power control model parameters do not match
the actual parameters, the calculated results will deviate and eventually lead to incorrect
switching pulse output, resulting in changes in the actual current phase or amplitude,
leading to problems, such as reduced power factor and current distortion.
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2.3.2. Frequency Sensitivity Analysis

Taking Boeing 787 as an example, the AC power frequency varies in the range of
360 Hz–800 Hz under wide frequency conditions, resulting in the inaccurate calculation of
Equation (7). Assuming that the frequency at time kTs is f 1, since the frequency changes to
f 2 at time (k + 1)Ts, the frequency used to calculate the supply voltage vector at (k + 1)Ts at
time k is f 1. There is an error with the actual frequency at time (k + 1)Ts and the error is
∆ω = 2π(f 2−f 1). Then, it will affect the calculation of V[k + 1] and the estimation of i[k + 1]
and then there will be errors in the calculation of Equation (4). Due to the existence of
the control lag, in fact, the vector VR[k] calculated at kTs will be applied at (k + 1)Ts, and
its reference value can only be reached at k + 2. The two-step prediction will lead to the
frequency variation continuing to expand, increasing the effect on the calculation result.

The expected value of instantaneous active power can form a closed loop through PI
and be modified. However, the expected value of instantaneous reactive power in deadbeat
direct power control is 0, and there is no instantaneous reactive power feedback loop, so
the error generated by reactive power cannot be corrected. Because the change of power
frequency is proportional to the change of reactive power [22], the steady-state error of
instantaneous reactive power generated by the change of frequency will not be corrected
and will continue to accumulate; eventually it will lead to the reduction of power factor.

3. Improved Deadbeat Direct Power Control Strategy under Wide Frequency

In order to solve the above problems, this paper adds a method of repetitive control
and power compensation on the basis of deadbeat direct power control, which solves the
problem of mismatch between the model parameters of line resistance, filter inductor, the
actual parameters, and the reactive power bias error caused by frequency variation.

3.1. Repetition Control Strategy

The traditional deadbeat direct power control strategy does not consider the influence
of system control frequency variation. In order to solve this problem, the influence of
frequency on the system is regarded as periodic error, and the error of the last fundamental
period is stored by repeated control, and the waveform is corrected at the appropriate
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moment of the next fundamental period so as to ensure the output waveform quality
in steady state. The block diagram of instantaneous power control based on repeated
signal generator is shown in Figure 5. The repeated controller adopts quasi-integral kqz−N,
where kq is the quasi-integral coefficient. In order to ensure the stability of the system,
0 < kq < 1 is generally taken. In this paper, kq = 0.95 is taken, and N is the sampling times
in a fundamental wave period. In krz−N + 1, z−N is the kr times of the error integral at
the same sampling time of the previous fundamental wave period superimposed to the
current fundamental wave period, which is used to compensate the predicted value of the
fundamental wave period.
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kr is the proportionality coefficient, ei and eo are error signals. No matter what the
input signal waveform is, if it appears repeatedly in the form of fundamental wave period,
the output will be the periodic accumulation of the input signal. The discretization form of
the transfer function difference is as follows:

eo(k) = krei(k − N+1) + kqur(k − N) (14)

In the first k a sampling period, according to the control will repeat kTs moment of
power projection qref[k + 1] and k times before sampling period prediction error values, the
sum of the forecast revisions to instantaneous active power and the instantaneous reactive
power for each cycle can inhibit periodic disturbance caused by the frequency change,
making its reactive steady-state error close to zero.

3.2. Power Compensation Strategy

In order to solve the problem that the parameters of the deadbeat direct power control
model do not match with the actual parameters in multi-electric aircraft and electric
vehicles. In this paper, a power compensation method is proposed. By calculating the
power generated by the error amount of the actual parameter deviating from the model
parameter and compensating it to the instantaneous power expectation value, the problem
caused by parameter mismatch can be solved.

In order to reduce the effects caused by frequency changes, it is first necessary to ensure
accurate and fast detection of frequency. In this paper, a three-phase system instantaneous
phase-locked loop (PLL) is designed. The parameters of this scheme do not need to
be dynamically adjusted and the scheme simplifies the structure of a conventional PLL,
reducing the total calculation time. A block diagram of the scheme is shown in Figure 6.
The specific function of the first-order low-pass filter in the diagram is to filter the high-
frequency noise in the voltage measurement.
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The ideal model of the system is shown in Figure 7a. Assuming that the inductor
resistance does not change and is in a stable state, the system model expression at this
time is:

VR = V − Rfi − Lf
di
dt

(15)
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When the inductive resistance changes, the system model is shown in Figure 7b, where
∆Rf and ∆Lf are the changes of the actual line resistance and filter inductance relative to the
model parameters. Let ∆VRf and ∆VLf be the voltage vectors generated by this variation,
then the model after the resistance change is:

∆VRf + ∆VLf + VR = V − Rfi − Lf
di
dt

(16)

Assuming that the resistive changes between time (k − 1)Ts and kTs, then at time
(k − 1)Ts, the current at time kTs is estimated by deadbeat direct power control without
considering the change of parameters, and the current value is expressed by vector i*, then
the discrete model equation is:

VR
∗[k] = V[k] − Rfi

∗[k] − Lf
Ts

(i[k + 1]− i∗[k]) (17)

The formula used to calculate the actual sampled current value at kTs time is:

∆Vf[k] + VR
∗[k] = V[k] − Rfi[k]−

Lf
Ts

(i[k + 1]− i[k]) (18)

where ∆V f[k] = ∆VRf + ∆VLf, due to the inductance change, the voltage vector at the
rectifier side becomes the sum of the voltage vector at the rectifier side when the inductance
does not change, and the voltage vector generated by the resistive change. By subtracting
Equations (17) and (18), we can obtain:

∆Vf[k] = −Rf(i[k]− i∗[k]) + Lf
Ts
(i[k]− i∗[k])

= ∆Vfα[k] + j∆Vfβ[k]
(19)

Through this equation, the components of the resistive change in the stationary coor-
dinate system can be obtained, and then the instantaneous active power and instantaneous
reactive power can be obtained by the following equation:{

∆p[k] = ∆Vfα[k]iα[k] + ∆Vfβ[k]iβ[k]
∆q[k] = ∆Vfβ[k]iα[k]− ∆Vfα[k]iβ[k]

(20)

Here, ∆qf and ∆pf represent the instantaneous active and reactive power generated by
the resistive change, respectively. The instantaneous active and reactive power generated



World Electr. Veh. J. 2022, 13, 230 10 of 16

by the resistive and inductance change can be obtained by bringing the instantaneous
active and reactive power into the power reference value after repeated change:{

pnew[k + 1] = pref[k + 1] + ∆p[k]
qnew[k + 1] = qref[k + 1] + ∆q[k]

(21)

where pnew and qnew are the expected value of instantaneous active power and the expected
value of reactive power after improvement respectively.

By adding the power compensation to the output of the repetitive control, the ad-
vantages of eliminating periodic errors of the original repetitive control are preserved,
and the stability of the control system can be guaranteed when the model parameters are
not matched. The control block diagram of the proposed power compensation strategy is
shown in Figure 8.

World Electr. Veh. J. 2022, 13, x FOR PEER REVIEW 10 of 16 
 

* f
f R f

s

[ ] [ ] [ ] [ ] ( [ 1] [ ])
T
Lk k k R k k kΔ + = − − + −V V V i i i  (18) 

where ΔVf[k] = ΔVRf + ΔVLf, due to the inductance change, the voltage vector at the rectifier 
side becomes the sum of the voltage vector at the rectifier side when the inductance does 
not change, and the voltage vector generated by the resistive change. By subtracting Equa-
tions (17) and (18), we can obtain: 

* *f
f f

s

fα fβ

[ ] ( [ ] [ ]) ( [ ] [ ])
T

[ ] [ ]

Lk R k k k k

k j k

Δ = − − + −

= Δ + Δ

V i i i i

V V
 (19) 

Through this equation, the components of the resistive change in the stationary co-
ordinate system can be obtained, and then the instantaneous active power and instanta-
neous reactive power can be obtained by the following equation: 

fα α fβ β

fβ α fα β

[ ] [ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ] [ ]
p k k i k k i k
q k k i k k i k

Δ = Δ + Δ
Δ = Δ − Δ

V V
V V  (20) 

Here, Δqf and Δpf represent the instantaneous active and reactive power generated 
by the resistive change, respectively. The instantaneous active and reactive power gener-
ated by the resistive and inductance change can be obtained by bringing the instantaneous 
active and reactive power into the power reference value after repeated change: 

new ref

new ref

[ 1] [ 1] [ ]
[ 1] [ 1] [ ]

p k p k p k
q k q k q k

+ = + + Δ
 + = + + Δ

 (21) 

where pnew and qnew are the expected value of instantaneous active power and the expected 
value of reactive power after improvement respectively. 

  
(a) (b) 

Figure 7. PWM Rectifier Single-Phase System Model: (a) Ideal single-phase system model. (b) Ac-
tual single-phase system model. 

By adding the power compensation to the output of the repetitive control, the ad-
vantages of eliminating periodic errors of the original repetitive control are preserved, 
and the stability of the control system can be guaranteed when the model parameters are 
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4. Experimental Results and Analysis

In order to verify the effectiveness and accuracy of theoretical analysis of the wide
frequency rectifier based on the improved deadbeat direct power control, an experimental
platform for the control system is built, as shown in Figure 9. In this paper, experimental
comparisons are made between the traditional deadbeat direct power control and the
improved deadbeat direct power control proposed in this paper. The specific simulation
and experimental parameters are shown in Table 1.
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Table 1. Parameters of the system.

Parameter Symbols Values

DC-link voltage Vdc 270 V
Effective value of AC voltage Vpcc 115 V

Filter resistance Rf 0.25 Ω
Filter inductance Lf 1.1 mH

DC-link capacitance C 200 µF

In this paper, a 1 kW voltage PWM rectifier system is built. The implementation of the
algorithm is based on DSP(TMS320F28335) produced by TI company and FPGA(EP1C6Q24-
0C8) produced by ALTER company. The main frequency of DSP is 150 MHz. The A/D
conversion is realized by the A/D module inside DSP. AMETEK MX45 programmable grid
simulator is used as variable frequency three-phase power supply, and Mitsubishi IPM is
used as switch tube. The built experimental platform is shown in Figure 9.

The experimental results were recorded by a Yokogawa DLM4058 digital oscilloscope,
and the PWM signal was obtained by logic probe PBL100. The current sensor used LF210-S
of Lyme Company, and the voltage sensor used DVL2000 of Lyme Company. The pulse-
width modulation switching frequency is 20 kHz, and the sampling time of the controller
is 50 µs. The DC side voltage is 270 V, and the DC side resistance value is 72.9 Ω. The
DC side voltage and the given voltage value are adjusted by PI, and the output value is
the expected instantaneous active power. The PI parameters of the voltage outer loop are
Kp = 5 and Ki = 8.

4.1. Influence of Frequency Variation on Inductance

To verify the change of inductance with frequency, the value of filter resistance induc-
tance with frequency measured by RLC table is shown in Table 2.

Table 2. The relationship between inductance and frequency change.

Frequency/Hz Inductance Lf/mH

100 1.0479
300 1.0462
500 1.0457
700 1.0450
800 1.0448

It can be seen from Table 2 that when the frequency rises at room temperature of
25 ◦C, the inductance value decreases, which verifies that the inductance will change
with the frequency, and the change of inductance value will be larger with the increase of
temperature. The analysis is based on the example of a multi-electric aircraft operating at a
much wider frequency. A detailed description is given below.

4.2. Feasibility Verification Analysis

Figure 10a shows the steady-state waveform of the three-phase grid voltage and input
current under the condition of 72.9 Ω resistance load. According to the simulation results,
the input current of each phase is basically consistent with the corresponding input voltage
phase, and the unit power factor operation of the PWM rectifier is realized. In addition,
in order to verify the method of dynamic characteristic, for PWM rectifier from no-load
(load end open circuit) to 1 kw resistive load test. The simulation results of Figure 10b can
be seen that the DC side voltage drops close to 30 V when the load changes. After 0.014 s,
it returns to the steady state. The voltage fluctuation is basically zero and the fluctuation
amplitude is 0.5 V, which has a high accuracy and a fast response speed.
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4.3. Dynamic Performance Comparison

The acceleration and deceleration of the engine causes the temperature inside the
motor to change. As seen in Figure 4a, the filter inductor permeability changes due to
temperature variation, with the maximum permeability being approximately 200% of
that at 25 ◦C. According to Equation (13), the inductance of the filter is proportional to
the permeability when its parameters, such as coil length and cross-sectional area are
determined. Therefore, to demonstrate the effectiveness of the proposed method when the
inductance parameters are mismatched, this paper uses a contactor and a 1.1 mH inductor
as a bypass to make a sudden change in inductance to 200% of the initial value.

Figure 11a,b show the values of reactive power at a frequency of 100 Hz for abrupt
inductor change and stable inductor operation, respectively. As the filter inductance rises
to 2.2 mH, a step in reactive power exists for the conventional method (left). The average
value of reactive power changes from 9 Var to 54 Var, with an oscillation of 45 Var. The
reactive power of the proposed solution is significantly reduced when the inductor is stable
compared to the conventional method. When the inductor changes, the average value of
reactive power changes from −0.9 Var to 8.5 Var, with an oscillation of 9.4 Var, which is
only 17.4% of the conventional method. The proposed method is even more effective at
400 Hz, as seen in Figure 11c,d, where the reactive power oscillation is only 10.7% of the
conventional method when the inductance changes.

Figure 12a,b show the waveform of the voltage and current in phase A when the
inductance of the proposed scheme changes. The current on the AC side does not fluctuate
greatly, that is, the unit power factor can be maintained.

The total current harmonic distortion of the traditional deadbeat direct power control
method is larger than that of the proposed method in a steady state operation. The
comparison of the two methods at 100 Hz is shown in Figure 12c,d. The total harmonic
distortion of the traditional deadbeat direct power control method is 4.2%, while the total
current harmonic distortion of the proposed method is 3.98%. A higher THD wave will
reduce the capacity of the system, accelerate the aging speed of equipment or even damage,
endanger the safety and stability of production, waste energy, etc. The THD of the improved
method is significantly better than that of the traditional control method.



World Electr. Veh. J. 2022, 13, 230 13 of 16

World Electr. Veh. J. 2022, 13, x FOR PEER REVIEW 13 of 16 
 

4.3. Dynamic Performance Comparison 
The acceleration and deceleration of the engine causes the temperature inside the 

motor to change. As seen in Figure 4a, the filter inductor permeability changes due to 
temperature variation, with the maximum permeability being approximately 200% of that 
at 25 °C. According to Equation (13), the inductance of the filter is proportional to the 
permeability when its parameters, such as coil length and cross-sectional area are deter-
mined. Therefore, to demonstrate the effectiveness of the proposed method when the in-
ductance parameters are mismatched, this paper uses a contactor and a 1.1 mH inductor 
as a bypass to make a sudden change in inductance to 200% of the initial value. 

Figure 11a,b show the values of reactive power at a frequency of 100 Hz for abrupt 
inductor change and stable inductor operation, respectively. As the filter inductance rises 
to 2.2 mH, a step in reactive power exists for the conventional method (left). The average 
value of reactive power changes from 9 Var to 54 Var, with an oscillation of 45 Var. The 
reactive power of the proposed solution is significantly reduced when the inductor is sta-
ble compared to the conventional method. When the inductor changes, the average value 
of reactive power changes from −0.9 Var to 8.5 Var, with an oscillation of 9.4 Var, which 
is only 17.4% of the conventional method. The proposed method is even more effective at 
400 Hz, as seen in Figure 11c,d, where the reactive power oscillation is only 10.7% of the 
conventional method when the inductance changes. 

  
(a) (b) 

  
(c) (d) 

Figure 11. Comparison of reactive power variation under different frequency when inductance 
changes suddenly: (a) Inductance change of traditional control scheme at 100 Hz; (b) Inductance 
change of proposed control scheme at 100 Hz; (c) Inductance change of traditional control scheme 
at 400 Hz; (d) Inductance change of proposed control scheme at 400 Hz. 

Figure 12a,b show the waveform of the voltage and current in phase A when the 
inductance of the proposed scheme changes. The current on the AC side does not fluctuate 
greatly, that is, the unit power factor can be maintained. 

The total current harmonic distortion of the traditional deadbeat direct power control 
method is larger than that of the proposed method in a steady state operation. The com-
parison of the two methods at 100 Hz is shown in Figure 12c,d. The total harmonic distor-
tion of the traditional deadbeat direct power control method is 4.2%, while the total cur-
rent harmonic distortion of the proposed method is 3.98%. A higher THD wave will re-
duce the capacity of the system, accelerate the aging speed of equipment or even damage, 
endanger the safety and stability of production, waste energy, etc. The THD of the im-
proved method is significantly better than that of the traditional control method. 

Figure 11. Comparison of reactive power variation under different frequency when inductance
changes suddenly: (a) Inductance change of traditional control scheme at 100 Hz; (b) Inductance
change of proposed control scheme at 100 Hz; (c) Inductance change of traditional control scheme at
400 Hz; (d) Inductance change of proposed control scheme at 400 Hz.

World Electr. Veh. J. 2022, 13, x FOR PEER REVIEW 14 of 16 
 

  
(a) (b) 

  
(c) (d) 

Figure 12. Comparison of three-phase current waveforms and THD: (a) the three-phase current 
waveform of the conventional deadbeat direct power control; (b) the three-phase current waveform 
of the proposed scheme; (c) THD of conventional deadbeat direct power control current; (d) THD 
of proposed scheme current. 

Figure 13 shows the DC side voltage and reactive power change waveform when the 
frequency rises in a ramp form. To further simulate the operation of the actual working 
conditions, according to the aircraft electric characteristic standard MIL-STD-704, the 
three-phase AC voltage frequency changes from 100 Hz to 600 Hz at 250 Hz/s. The blue 
curves in Figure 13a,b indicate the change in frequency. The average reactive power value 
of the proposed scheme at 100 Hz is 40% of the conventional deadbeat direct power con-
trol scheme, and the average reactive power is reduced by 33 Var compared to the con-
ventional method. The amount of reactive power fluctuation is 69.2% of the conventional 
scheme. After a frequency change to 600 Hz, the average reactive power value of the pro-
posed scheme is 51.2% of that of the conventional method, which is 92 Var lower than the 
average reactive power value of the conventional method—54.3% of the reactive power 
fluctuation of the conventional scheme. In the interval where the frequency changes, the 
experimental results compare only the average values, as the maximum and minimum 
values of reactive power are always changing. In the interval where the frequency varies, 
it can be observed that the reactive power can be reduced to 52.1% of the conventional 
method using the proposed method. Therefore, the overall power factor of the proposed 
scheme is higher in a steady state, and the overall fluctuation is less stable. This experi-
ment can verify that the proposed method has the advantages of a high power factor and 
a high stability 

 
(a) 

Figure 12. Comparison of three-phase current waveforms and THD: (a) the three-phase current
waveform of the conventional deadbeat direct power control; (b) the three-phase current waveform
of the proposed scheme; (c) THD of conventional deadbeat direct power control current; (d) THD of
proposed scheme current.

Figure 13 shows the DC side voltage and reactive power change waveform when the
frequency rises in a ramp form. To further simulate the operation of the actual working
conditions, according to the aircraft electric characteristic standard MIL-STD-704, the three-
phase AC voltage frequency changes from 100 Hz to 600 Hz at 250 Hz/s. The blue curves
in Figure 13a,b indicate the change in frequency. The average reactive power value of
the proposed scheme at 100 Hz is 40% of the conventional deadbeat direct power control
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scheme, and the average reactive power is reduced by 33 Var compared to the conventional
method. The amount of reactive power fluctuation is 69.2% of the conventional scheme.
After a frequency change to 600 Hz, the average reactive power value of the proposed
scheme is 51.2% of that of the conventional method, which is 92 Var lower than the average
reactive power value of the conventional method—54.3% of the reactive power fluctuation
of the conventional scheme. In the interval where the frequency changes, the experimental
results compare only the average values, as the maximum and minimum values of reactive
power are always changing. In the interval where the frequency varies, it can be observed
that the reactive power can be reduced to 52.1% of the conventional method using the
proposed method. Therefore, the overall power factor of the proposed scheme is higher in
a steady state, and the overall fluctuation is less stable. This experiment can verify that the
proposed method has the advantages of a high power factor and a high stability
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5. Conclusions

In this paper, an improved deadbeat direct power control method is designed by using
deadbeat direct power control, repetitive control and power compensation. The traditional
control strategy does not consider the frequency change of the AC side and the influence
brought by it. The improved method proposed in this paper, on the one hand, reduces
the periodic influence brought by the frequency change, and on the other hand, ensures
the stable operation of the system when the model parameters do not match the actual
parameters. The specific advantages of the proposed control strategy are as follows:

1. The proposed method solves the reactive steady-state error problem caused by the
frequency change, and improves the power quality;

2. The proposed method effectively solves the problem of inaccurate model calculation
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