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Abstract

Model predictive direct power control (MPDPC) is a widely recognized high-performance control strategy for a three-phase
grid-connected pulse width modulation (PWM) rectifier. Unlike those of conventional grid-connected PWM rectifiers, the active
and reactive powers of permanent magnet synchronous generator (PMSG)-connected PWM rectifiers, which are used in
electromagnetic transmitters, cannot be calculated as the product of voltage and current because the back electromotive force
(EMF) of the generator cannot be measured directly. In this study, the predictive power model of the rectifier is obtained by
analyzing the relationship among flux, back EMF, active/reactive power, converter voltage, and stator current of the generator.
The concept of duty cycle control in the proposed MPDPC is introduced by allocating a fraction of the control period for a
nonzero vector and rest time for a zero vector. When nonzero vectors and their duration in the predefined cost function are
simultaneously evaluated, the global power ripple minimization is obtained. Simulation and experimental results prove that the
proposed MPDPC strategy with duty cycle control for the PMSG-connected PWM rectifier can achieve better control
performance than the conventional MPDPC-SVM with grid-connected PWM rectifier.
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I. INTRODUCTION

Electromagnetic transmitters are essential parts of an
electromagnetic exploration system. They reverse the steady
power supply at a desired frequency and transmit power via
grounding electrodes to obtain an effective electromagnetic
field for deep geophysical exploration. To acquire geophysical
data during deep exploration and meet field operation
requirements, these transmitters should exhibit good anti-
interference capability and high power density with high-
accuracy output while remaining compact and light.

The topology and control methods of the power supply for
geophysical exploration have been widely studied [1]-[5]. In
[1], an AC/DC/AC topology is proposed (Fig. 1), in which
the inverter circuit is directly connected with a three-phase,
six-pulse diode rectifier. Although the structure of the
transmitter is simple, the output voltage is low. In [2]-[4], an
AC/DC/AC/DC/AC structure is designed with variable output
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voltage and a simple controller, thereby offering easy
implementation and high universality. In [2], [3], a hard-
switching DC/DC converter is adopted (Fig. 2). In [2], a triple-
loop control with GAPSO algorithm is established. In [3], an
air-cooling system is designed and its loss is analyzed. In [4],
an active full bridge soft switching DC/DC converter is
employed (Fig. 3). However, the double DC/DC converter
adds complexity to the system structure, and the inductance
and transformer increase the volume and weight. In [5], an
excitation control method is provided to regulate the output
voltage in an AC/DC/AC topology. The transmitter is simple
in structure, small in volume, and light in weight because of
the absence of the inductance and transformer. However,
when the generator runs in a nonlinear part, the excitation is
difficult to control. The three-phase diode used for
electromagnetic transmitters exhibit simplicity, robustness,
and cost efficiency. However, the diode rectifier results in a
unidirectional flow of power, low input power factor, and high
input current harmonics. In the present study, a pulse width
modulation (PWM) rectifier for electromagnetic transmitter is
designed. Different from those of a conventional PWM
rectifier, the external inductances of the proposed rectifier are
replaced by the armature inductance of the generator (Fig. 5).

© 2018 KIPE
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Fig. 1. Topology of a conventional transmitter with a diode
rectifier.
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Fig. 2. Topology of a conventional transmitter with a hard-
switching DC/DC converter.
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Fig. 3. Topology of a conventional transmitter with an active
full-bridge soft-switching DC/DC converter.
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Fig. 4. Topology of a conventional transmitter with excitation
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Fig. 5. Topology of the proposed transmitter.

PWM rectifiers are adopted in industrial applications
because of certain advantages, such as bidirectional power
flow, low harmonic distortion of line current, unit power
factor operation, and adjustment and stabilization of the
DC-link voltage. In addition, the size of the capacitor
required by the system is reduced because the DC-link
voltage can be regulated by controlling the input power [6].
Various control strategies have been proposed in recent
studies on PWM rectifiers given their wide range of
applications. Although their principles differ, these strategies
can achieve the same main goals, such as low harmonic
distorted line current waveforms and high power factor. The
most widely known method is voltage-oriented control (VOC)
[7], [8], which is based on the current vector orientation with
respect to the grid voltage vector. VOC uses two control
loops in the dq rotating reference frame. The active current is
generated to compensate for the DC voltage error by the
proportional-integral (PI) controller in the external voltage
loop. The active and reactive current errors are reduced by
two PI controllers. A space vector modulation (SVM) block
is then used to generate gating signals. This control strategy
ensures high dynamic and static performance through internal
current control loops. However, the final configuration and
performance of the VOC system largely depend on the
quality of the current control loops. The tuning of PI
controllers is also required to ensure system performance
under various conditions.

Another high-performance control strategy for the PWM
rectifier is direct power control (DPC), which is based on
instantaneous active and reactive power control loops
[9]-[17]. The conventional switching table-based PDC (ST—
DPC) strategy eliminates the need for a current regulator and
a modular block. This technique is developed analogously
with the direct torque control, which is used in AC-machine
drives [9]-[11]. The voltage vector in ST-DPC is selected
from a lookup table on the basis of instantaneous active and
reactive power errors and grid voltage position [9], [10] or
virtual flux position [11]. However, the ST-DPC strategy [12]
exhibits two major disadvantages: variable switching
frequency and high sampling frequency. To overcome the
aforementioned disadvantages [13]-[17], various improved
control schemes have been employed. An optimized
switching table is developed to reduce power ripples in [13],
[14]. DPC-SVM [15]-[17], another control strategy based on
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SVM, is analyzed to achieve a constant switching frequency
and sinusoidal currents on the AC side with low harmonic
distortion.

Predictive control has recently been applied in the control
of electrical machines [18]-[20] and power -electronics
[21]-[23]. Several predictive control strategies have been
incorporated with DPC to improve system performance.
Predictive DPC can generally be divided into two groups:
deadbeat predictive DPC (DPDPC) and model predictive
DPC (MPDPC). In DPDPC, the required reference voltage is
calculated once in every sampling period by using the system
model to reach the reference value in the subsequent sample
time [21]. In MPDPC, the system model is used to predict the
future behavior of the variables, and a cost function is defined
as the criterion to select the optimal voltage vector [22], [23].
This process is different from that of ST-DPC, which selects
the voltage vector by using the switching table. Predictive
DPC (PDPC) can achieve better steady-state performance and
quicker response than DPC.

The aforementioned control strategies for a three-phase
PWM rectifier generally require three types of sensors, such
as the three voltage/current sensors to measure voltages and
currents on the AC side and a DC voltage sensor to measure
the DC-link output voltage. In the DPC system, the AC
voltage and current are used to calculate the active and
reactive powers of the rectifier. To reduce system bulk and
complexity and increase system reliability and performance,
the use of AC voltage sensors is eliminated [24]-[27]. In [24],
the estimation technique for the power source voltage
waveforms is applied. However, the calculation of current
derivatives can cause operation-related problems. In [25],
[26], virtual flux (VF) is introduced in the DPC scheme. The
instantaneous active and reactive powers are estimated using
the grid VF and AC-side current without the AC-side voltage
sensor. The estimation procedures are considerably reliable
because no differential operations are involved. In [25] and
[26], VF-DPC incorporates the table-based method and the
MPDPC approach, respectively.

For a permanent magnet synchronous generator (PMSG)-
connected three-phase PWM rectifier used in electromagnetic
transmitters, the three-phase input voltages cannot be
measured directly. Therefore, this study aims to introduce a
model predictive control strategy without the voltage sensor
on the AC side for the PMSG-connected PWM rectifier. This
method analyzes the relationship among power, back
electromotive force (EMF), rotor flux, and convertor voltage.
The back EMF used in the prediction is estimated from the
historical value of the stator voltage and current. The
generator flux is estimated using an equivalent low-pass filter
(LPF). Two vectors are employed in a control period. The
nonzero vector is selected by a defined cost function, and the
zero vector is selected by embracing the principle of deadbeat

compensation gain

€x
ol 1-jasgn(w) ] U(sta) Fe

@c

ol 4

Fig. 6. Flux estimator with compensation.

control to reduce control complexity and computational
burden. The simulation and experimental results indicate that
the proposed control strategy for the PMSG-connected three-
phase PWM rectifiers exhibit better control performance in
the power ripple and total harmonic distortion (THD) of line
current than the conventional MPDPC-SVM.

II. TOPOLOGY OF THE TRANSMITTER

An electromagnetic transmitter consists of a diesel
generator, PWM rectifier, inverter circuit, and emitter. The
topology of the transmitter is illustrated in Fig. 5.

The generator provides the initial power for the transmitter
system. The stator windings of the generator and three-phase
six-switch circuit comprise the three-phase voltage source
PWM converter. In this design, the generator adopts a PMSG
or an external-excited generator with a fixed field current.
The two types of generators share the same mathematical
model. The PWM converter is a crucial component of the
design. Compared with a conventional three-phase six-switch
voltage-source PWM converter [25], the armature inductance
is used as a filter inductor instead of an additional external
filter inductor. In practical applications, the high output
voltage of the transmitter is usually needed; thus, the
boost-type PWM converter is selected. The controllable DC
energy of the converter is inverted to a frequency-adjustable
square waveform by the inverter circuit, which is transmitted
to the ground by the emitting electrode.

III. PREDICTIVE MODEL OF THE
PMSG-CONNECTED PWM RECTIFIER

A. Machine Equation of the PMSG

PMSG is a strongly coupled and nonlinear system with
uncertainty. To obtain the dynamic equation of the PMSG,
the following assumptions are made. The field-weakening
operation, eddy current, magnetic hysteresis, and magnetic
saturation are ignored in this study. The back EMF is supposed
sinusoidal.

To prevent complex coordinate transformation, the PMSG
model in the af reference frame (stationary reference frame)
is preferred. Specifically, the PMSG model can be expressed
in the af reference frame by using complex vectors such as
(28]



792

Journal of Power Electronics, Vol. 18, No. 3, May 2018

O =
Udc
£ -
PMSG o ::} Tra.msn".ut
Circuit
l.av Vib Haip Voltage [€ U
Estimation <_U
| Park | de
I |ip
k
Y X
| EMF and flux | Cost function minimization
»| estimation xalp | o1 TPHZ TQk+2
xalB
k k k1
e
xalfy W x Ve o
Pt Dela ”| Prediction of
> > v P K+2 ) A2
> ower « | compensation » PO
| estimation o > Qk*'

Fig. 7. Control diagram of the proposed MPPC.

u, ——Rvi5+%
: dt
R UL (1)
“dtdt
=-Ri -1, LU
v, =ly, —(L,~L)iJe"™ ()

where u, i;, ¥, and e, denote the stator voltage vector, stator
current vector, equivalent active flux, and equivalent back
EMF, respectively. R,, v L4, L,, and 6, represent the stator
resistance, permanent magnet flux, d-axis inductance, g-axis
inductance, and electrical rotor position, respectively. i, is the
d-axis current in the synchronous frame.
A surface-mounted PMSG is investigated,
inductance can be simplified as
L,=L =L. 3)

In the PMSG-PWM rectifier system, the output voltage of
the generator u; is the input voltage u,,,, of the PWM rectifier,
which can be obtained from the DC-link voltage U,. and the
duty cycles of converter switching (D,, D,, and D,), as
follows [29]:

u(‘(?)ﬂ’(l
uS = uCUVlV = { }
uctmvﬂ
B W2/3)U,(D,-1/2(D, +D,))
(1/N2)U,.(D, -D,)

and its

“)

B. Power Estimation
Define
X®Y=w,X,-Y,X,)
{X OY=0Y,X,+Y,X,)’

where X and Y are the vectors in the aff reference frame.

For sinusoidal and balanced back EMF, the instantaneous
active power P and reactive power Q in the af reference can
be expressed as [29], [30]

P=w( ®y, )=oy. i, —V,,), (%)

0=, Oy,) = oW i, +V.4i,) (6)
where @ 1is the angular velocity of the generator.
The MPDPC is based on time-varying instantaneous power.
The power differentiation equation can be obtained from (5)
and (6) as follows:

dP di, dy di, dy,,
= —w ey, e TPy (T
dt W ar @ PV ). D
do di, dy,, di, dy,,
= =w Ly g+ —+ ly) - 8
T R £ DR

The differentiations of y,, Wi, i, and igcan be calculated
from (1) as follows:

d di
ﬂ = ucanva + Rsia + L la = exa ’ (9)
dt dt
dy ., di
Y-y +Ri,+L—L=e,. 10
dt convf s° B dt xp ( )
di 1
“=—(e, ~Uyne —R1,), 11
dt L ( xa cony ) ( )
di, 1
B .
E = z(exﬁ _ucanvﬁ - Rxlﬁ) . (12)
Substituting (9)—(12) into (7) and (8) results in the equations
d_P = a)(exai/] —ei, + Voo (exﬂ Uy — Rl )i/;
dt L . (13)

\ &7 .
———(e,, U — R,
L ( xa conve S ))



Model Predictive Power Control of a PWM Rectifier for ... 793

Vout(V)

lout(A)
<

Vout(V)
o
T
|
|
|

lout(A)

Time(s)
(b)
Fig. 8. Output waveforms of the transmitter with different
frequencies. (a) 32 Hz. (b) 4096 Hz.
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dt L ’ )
(14)
V., .
- Lﬂ (exﬂ _uwnvﬂ _Rslﬂ ))
Rearranging (13) and (14) obtains the following equations:
dP o . .
E = z((%a - Lla )exﬂ - (‘//xp - Llﬁ )exa
R , (15)
-(u,  ® —-—=P
(e B )=
d 1) . .
7? = E((l//Xﬂ + Lzﬂ )exﬂ +,, +Li)e,
(16)

R
- (uconv O W,\)) - LS Q
From (15) and (16), the active and reactive powers in the
next control period can be predicted from the variable at the
kth instant, as follows:

. ' w . .
Pk : = Pk +t.v[Z((l//xa _Lla )ex[;‘ _(l//rﬁ - Llﬁ)exa

17
~(u,, Oy ) -2 ] 1
conv WX L
. ® ) .
o' =0+ ¢ [I (w5 +Lige,+W,, +Li,e,
, (18)
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Fig. 9. Response under step change in reference power. (a)
Proposed MPDPC. (b) Conventional MPDPC-SVM.

where ¢, is the control period.



794 Journal of Power Electronics, Vol. 18, No. 3, May 2018

C. EMF Estimation

From (17) and (18), the power can be controlled to a
desired value by controlling u,,,, under the condition that the
values of Wi, Wip €4, €4 iy, and igare determined. The main
difficulty in (17) and (18) is that ;,, ¥is e,, and ez cannot
be directly measured. Variables e, and egzcan be calculated
using (1) and (2), but the system parameters cannot be
precisely determined. In [31, 32], a model-free approach is
proposed in which the stator current and the current
differences corresponding to different switching states of the
rectifier are used to estimate the back EMF. One prior value
of the EMF is estimated. However, stability analysis in [31]
indicates that the stability region of the estimated inductance
ranges from 80% to 125% of the real value. This finding
suggests that only approximately 20% error in inductance can
be tolerated to maintain system stability. Thus, the proposed
algorithm is too sensitive for any practical application. To
expand the stability region of the algorithm, the equation
order, which is employed to calculate the back EMF, is
increased in [28], [31]. The stability region of motor inductance
can be significantly broadened to 0%-133% (fourth-order
estimator) of inductance variations at the cost of a small
increase in computation. The present study adopts the
principle applied in [28], [31] by using the mean value of the
last two control periods.

From (1), the current equation of the PMSG can be
rearranged as

dii, 1 .
o L(ex u,—Ri). (19)

The prediction of stator current at the (k+1)th instant can
be obtained using forward Euler discretization as follows:
i“:f+%@}a ~Ri"). (20)

s

For a high-performance PMSG, the rotor speed and back
EMF can be generally considered stable; thus, a(k+1)=a(k),

éi=e'=¢*. Considering the variation during one period, the

stator current at the kth instant #{ can be replaced by (i+i")/2.

In accordance with (20), the EMF at the (k-1)th and (k-2)th
instant can be expressed as follows:

e AR

k-1 k-1 ‘ k-l
e =y T —-R A S~ , 21
X s s 2 L ( K} S ) ( )
-2
k-2 i Lol ke
e "= —R Lo L I =i . 22
§ > L(S s ) (22)

The final estimated value of €' is obtained as a mean value
of the past EMF, which is expressed as

1

el =—(el ' +e?). (23)
7\

D. EMF Estimation

From (1), the flux y; can be calculated as follows:
v, =[edt. (24)
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Fig. 10. Response to external sudden load. (a) Proposed MPDPC.
(b) Conventional MPDPC-SVM.

This study employs a simple and effective strategy for
estimation, which is introduced in [33], [34]. By using this
method, a high-pass filter is incorporated behind the pure
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integration, which is equivalent to a LPF. Thus, drift
problems caused by the pure integrator are eliminated.
However, an LPF leads to errors in phase and magnitude.
Phase lag and magnitude error, respectively, can be expressed
as

é:—tan*l(‘;), 25)
N Oy
=T % (26)

where @, is the cutoff frequency of the LPF. The gain is
compensated for by the gain compensator, and phase lag can
be compensated for by the phase compensator. Thus, the new
integrator with the phase and gain compensators can be given
as

2

1 Jo' - .
G(s) = ———exp(9)
stw, . 27
1
= (1= jAsgn(w))
sta,

The structure of the i estimator is shown in Fig. 6, where
w~=A®. The constant A is typically chosen as 4=0.1 ... 0.5.
The transient behavior is good if A is small; however, a high
value for A allows for great DC offset in the measurements.
Pure integration is achieved by choosing A=0. The
compensation is conducted before the LPF component to
improve the dynamic performance.

IV. PRINCIPLE OF THE PROPOSED MPDPC

In conventional MPDPC, only one control period is
selected and applied. Large power ripple occurs as a result of
excessive and insufficient control. To achieve a satisfactory
steady-state performance, the sample frequency must be high.
In this study, the control period is divided into two intervals
for two vectors to improve the performance of conventional
MPDPC. Thus, a nonzero and a zero vector may be employed
during one control period to reduce the power ripple. Fig. 3
presents the overall control diagram of the proposed MPPC.
The following parts include vector selection, cost function
minimization, and delay compensation.

A. Vector Selection

In conventional DPC, the voltage vector is selected directly
from the switching lookup table. In the proposed MPDPC,
optimal vectors are selected to minimize the cost function at
the end of the next control period. To achieve an effective
and accurate vector selection, the cost function is defined and
expressed as [25]

2

F=(Pref _ Pk+1 )2 N (Qref _ Qk+1) (28)

where the active and reactive powers in the subsequent control
period can be calculated from (17) and (18), respectively.
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TABLE I

SYSTEM PARAMETERS
Parameter Value
Stator phase resistance 1.14Q
Armature inductance 4.5 mH
Flux linkage 0.536 Wb
Pole pairs 2
DC side capacitor 1320 puF
DC side voltage 400 V
Load resistance 320

To control the operation of the system at unit power factor,
the reference value of reactive power is set to zero. Equation
(28) can be rewritten as
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F=(P7 —P) +(-0"1). (29)

The best voltage vector minimizing (29) can be selected
from eight discrete voltage vectors in the two-level PWM
rectifier. If the best vector minimizing (29) is a zero vector,
then a suboptimal vector (nonzero vector) should be selected
rather than the zero vector.

B. Duty Cycle Calculation

For the MPDPC with duty cycle control, the nonzero
vector is selected by evaluating each nonzero vector for (29).
The durations of each vector need to be determined after the
vector is selected. Suppose that the active power slopes are f,;
and f,, for the nonzero and zero vectors, and the reactive
power slopes are f;; and f,, for the nonzero and zero vectors,
all of which can be obtained using (15) and (16). Equations
(30) and (31) determine the linear trajectories of the active
and reactive powers under a given nonzero and zero vector
application during a control period, as expressed in the
following:

P =p 4 b [t 1), (30)

O =0 + [t + f,(1,-1,), 31)

where ¢, is the duration of the nonzero vector and (¢—,) is the
duration of the zero vector.
The optimal duration of #, that minimizes F during a

control period satisfies the following condition:
oF
—= 32
o (32)

In solving for (32), the optimal duration ¢, for the nonzero
vector selected from (29) can be obtained as

PPy ) 0 )
V Fp =20+ = 1)
S~ Sy = F S 1)
Fp= LV + = F)’

(33)

C. Delay Compensation

The digital implementation of MPDPC includes a one-step
delay between the commanding and applied voltage vectors,
a delay that will deteriorate the control performance [22],
[35].

In the present study, a one-step delay compensation is
employed by predicting the values at the (k+1)th and (k+2)th
instants. The variables at the (k+2) instant are used for vector
selection and vector durations. The cost function in (29) is
rewritten as

Fz(Pref _ Pk+2 )2 i (_Qk+2 )2 . (34)

In the above equation, P and 0*? can be predicted as
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Fig. 12. Experimental setup of electromagnetic transmitter.
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Fig. 13. Experimental output waveforms of the transmitter with
different frequencies. (a) 32 Hz. (b) 4096 Hz.

Pk+2 = Pk+] +T;[%((l//xa _Lizz )exﬂ _(l//xﬁ _Liﬂ)exa

- (ucanv ® l//x )

Pl
, (35)

+ + @ . .
o =0 1+Ts[z(((//xﬂ +Lige,+(y,, +Li,e,

RS
~ (U, Oy )) =70

where P! and 0""are predicted using (17) and (18).

V. SIMULATION AND EXPERIMENTAL RESULTS

Fig. 7 illustrates the control diagram of the proposed
MPDPC. The three-phase current is transformed into a-axis
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and f-axis currents. The back EMF and flux of the generator
are then estimated to calculate the active and reactive powers.
The best nonzero and zero vectors are selected by minimizing
the cost function (29).

To prove the effectiveness of the proposed control method,
a simulation and an experiment are conducted. The results
obtained from the conventional MPDPC-SVM are also
presented for comparison. In geophysical exploration, the
load of the transmitter equals the ground load between the
two emission electrodes, which are separated by 1-3 km, and
the grounding resistance is nearly 10-80 €. In practice, the
transmitter needs to provide an excitation current of
approximately 10 A. Thus, the present study sets the resistive
load at 32 Q and the output voltage at 400 V. The system
control parameters are listed in Table I. To compare the
performance of the proposed MPDPC method used in a
PMSG-connected PWM rectifier with that of a conventional
MPDPC-SVM, the simulation configurations are set under
the same condition.

A. Simulation Results

The simulations are carried out in MATLAB/Simulink and
the toolbox SimPowerSystem.

For practical electromagnetic prospecting, the transmitter
must produce square waveforms at different frequencies. Fig.
8 shows the output waveforms of the transmitter at 32 and
4096 Hz. As shown in the figure, the proposed transmitter can
output stable square waveforms with different frequencies to
meet practical demands.
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Fig. 15. Experimental results of external sudden load. (a)
Proposed MPDPC. (b) Conventional MPDPC-SVM.

In practical application, the grounding resistance in
different regions varies from 10 Q to 80 Q. However, the
resistance variation in one experimental region is within 7 Q.
Therefore, the load resistance in this study is set from 32 Q to
25 Q and then back to 32 Q. The power is varied from 6 kW
to 8 kW accordingly. Fig. 9 shows the simulation results
under the condition of a step change in active power from
6 kW to 8 kW at =0.05 s for the proposed MPDPC and the
conventional MPDPC-SVM. From top to bottom, the curves
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shown are the active power, reactive power, line current,
and harmonic spectrum of the line current. As shown in Fig.
9, the active and reactive powers in both control strategies
track the reference value quickly without overshoot. However,
the power ripples and line current harmonics of the proposed
MPDPC are lower than those of the conventional MPDPC-
SVM. The THD of the line current is reduced effectively
from 2.7% to 1.67%, thus exhibiting excellent line current
quality.

Fig. 10 shows the response to an external sudden load for
both rectifiers under the same condition of closed DC-link
voltage control. From top to bottom, the curves shown are the
DC link voltage, active and reactive powers, line currents,
and rotor position in Fig. 10. At =0.05 s, an external load of
32 Q is applied to the PWM rectifiers. The DC voltage drops
slightly and then quickly returns to its reference value,
thereby showing strong robustness against load disturbance.

—#— Conventional MPDPC-SVM =--#l--Proposed MPDPC

THD(%)

Power(kW)
Fig. 17. Line current THD comparison of proposed MPDPC and
conventional MPDPC-SVM.

The dynamic process for both methods is similar, but the
proposed MPDPC presents less power ripples. Therefore, the
proposed control scheme is superior.

To evaluate the robustness of the proposed MPDPC
method in the PMSG-connected PWM rectifier, a series of
simulations is conducted when the armature inductance
differs from the real value (Fig. 11). The figure shows that if
the inductance used in the control is 10% of the real value,
then the ripples of the active and reactive powers are nearly
the same. Meanwhile, if the inductance value used in the
control is 133% of the real value, then the ripples of the
active and reactive powers increase significantly. The
difference in armature inductance (10%-133% of the real
value) used for control affects the performance of the control
system but not the stability of the system. In [36] and [37],
two types of disturbance observers are designed to correct the
errors caused by disturbances and uncertainties. To maintain
the performance of the proposed MPDPC under different
disturbances and uncertainties, a disturbance observer should
be used.

B. Experimental Results

The proposed control strategy is verified by a laboratory
setup, as shown in Fig. 12. The experimental design includes
a diesel generator, a PWM converter with three IGBTs
(FF150R12RT4), an inverter circuit with two IGBTs
(FF150R12RT4), and a load. A TMS320F28335 control
board is employed to implement real-time algorithm coding
using C language, and the driving signals are applied to IGBT
after going through the driver (CONCEPT 2SD315AI). The
driving signals of the PWM converter and inverter circuit are
generated by DSP28335 and FPGA (EP2C8Q208CS8N),
respectively. The parameters of the experimental platform are
the same as the simulation parameters.

Figs. 14(a) and 14(b) show the dynamic response of the
proposed MPDPC and conventional MPDPC-SVM under the
condition of a step change. From top to bottom, the curves
are identified as the active and reactive powers and one-phase
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current. The active power increases from 6000 W to 8000 W
and then decreases to 6000 W. As shown in Fig. 14, the
active power quickly tracks the reference value, and the
reactive power is controlled to 0 Var to achieve the unit
power factor. Both methods achieve decoupling control of the
active and reactive powers, and their dynamic performance is
highly similar. However, the proposed MPDPC shows lower
power ripple and lesser current harmonic than the
conventional MPDPC-SVM.

The responses to external sudden load under the condition
of closed DC-link voltage are shown in Fig. 15. An external
load is suddenly applied to the PWM rectifier, which is similar
to the electromagnetic transmitter that starts transmitting power
to the ground. From top to bottom, the curves in Fig. 15 are
identified as active power, reactive power, DC voltage, one
phase current, and rotor angle. The active power is controlled
to the reference value, and the reactive power is maintained at
0 Var. The DC-link voltage changes insignificantly during
this dynamic process, thereby showing strong robustness
against external load disturbance. The dynamic responses of
both methods are highly similar.

Fig. 16 presents the experimental results when the generator
armature inductance value in the calculation is different from
the actual armature inductance value (4.5 mH). As shown in
Figs. 16(a) and 16(b), if the armature inductance value used
in the control is 10% of the real value (0.45 mH), then the
ripples of active and reactive powers are the same as the real
value. Meanwhile, if the value used in the control is 133% of
the real value (6 mH), then the ripples of the active and
reactive powers increase significantly, as shown in Fig. 16(c),
but the unit power factor is maintained. Overall, when the
value of armature inductance varies from 10% to 133% of the
real value, the proposed algorithm remains stable and
controllable.

A comparison of both control methods in terms of the THD
of the line current is shown in Fig. 17. In general, the THD of
the line current for the proposed MPDPC is lower than that of
the conventional method in different power regions.

VI. CONCLUSIONS

An MPDPC PMSG-connected PWM rectifier used in
electromagnetic transmitters is proposed in this study.
Different from the conventional grid-connect PWM rectifier,
in which three external inductances are connected in series
with the grid and the rectifier, the proposed PWM rectifier
directly connects with the generator, which will make the
transmitter small in size and light in weight. The armature
inductance of the generator is used as the filter inductance. A
power dynamic equation is developed for the analysis of the
real-time power behavior. In MPDPC, a nonzero vector and a
zero vector are applied in one control period. To select the
optimal vector and calculate the duration of the vector, a cost

function is predefined. Simulation and experimental results
demonstrate that the proposed PMSG-connected PWM
rectifier used in electromagnetic transmitters can meet the
requirements of geophysical exploration. Moreover, compared
with the conventional MPDPC-SVM, the proposed MPDPC
effectively improves power ripples and line current harmonics.
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