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Magnet Synchronous Generator With Back
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Abstract—This article studies the influence of sensorless control
on the permanent magnet synchronous generator (PMSG) and
pulsewidth modulation (PWM) converter (active front end rectifier,
AFE) system for dc marine vessels. Back EMF-based sensorless
control is adopted in this article because the minimum speed of
PMSG in a dc marine vessel is enough for obtaining a sufficient back
EMF signal. First, the output impedance of “PMSG+AFE” system
with a typical topology and controller is deduced by small-signal
analysis. The stability analysis with constant power load (CPL) is
analyzed, including the influence of sensorless control bandwidth
on PMSG with a significant per-unit impedance value. Since the
inductance parameter affects both the current control and sen-
sorless control, the influence of error in the estimated inductance
parameter on the stability of “PMSG+AFE” system is analyzed.
To verify the proposed impedance model, output impedance is
measured in the simulation and experiment. The stability analysis
with the proposed impedance model and load impedance of CPL
is provided in MATLAB, and simulation results and experimental
measurements are given to verify the analysis.

Index Terms—Active front end (AFE), dc impedance,
EMF-based sensorless control, permanent magnet synchronous
generator (PMSG), small-signal model, stability analysis.

I. INTRODUCTION

DC grid system has been applied to marine vessels for their
advantages, such as high efficiency, high reliability, and

simple controllability [1], [2]. In the ac grid system, since the
frequency must be constant, the engine should run at a constant
speed. However, in the dc grid system, the dc voltage does not
have a frequency, and variable speed operation of the prime
mover is possible with the smallest fuel consumption depending
on the load.
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Fig. 1. Typical structure of dc grid system for electric propulsion ship.

The generation part of the dc grid system consists of a gen-
erator and a rectifier. In general, a wound rotor synchronous
generator and diode rectifier (diode front end) has been widely
applied [3], [4]. However, in recent years, permanent mag-
net synchronous generator (PMSG) and pulsewidth modulation
(PWM) converter (active front end, AFE) have been applied for
their higher efficiency [5], [6]. Fig. 1 shows a typical structure
of a dc grid system for an electric propulsion vessel [7], [8].
The load consists of a variable frequency drive (VFD) for the
propulsion motor and a static frequency converter (SFC) for the
service load in the vessel.

The AFE and the VFD are the same power electronic convert-
ers in controlling rotating electric machines, except for internal
control. The AFE receives ac voltage from the generator as an
input to control dc voltage, whereas the VFD receives stable dc
voltage as an input to control the motor’s torque. In the existing
ac electric propulsion system, the VFD often already includes the
AFE at the input stage as a rectifier. Therefore, many companies
already provide electric propulsion systems with AFE-related
technology [9], [10] as a front end. The “PMSG+AFE” system
and “propulsion motor+VFD” system require a position sensor:
encoder, resolver, hall sensor, etc. Generally, these electro-
mechanical rotor position sensors lead to undesirable effects
on the system: additional cost and volume, noise, and reliability
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issues. Especially for the electric propulsion vessels, there are
difficulties in ship design because of the increased axial length
due to the position sensor. In addition, the position sensor is
pointed out as a weakness in system reliability and maintenance.
Due to the disadvantages of the position sensor as described
above, sensorless control has already been applied to the industry
[9], [11].

The sensorless control methods of ac machine drives can be
generally classified into two kinds according to the principle of
the rotor position estimation, namely, back EMF-based method
and the signal injection method [12]. Back EMF-based sensor-
less method extracts the rotor position information from the
back EMF. It uses the electric model of the ac machine in the
estimated rotor reference frame. It presents a good performance
in the medium and higher speed operating region of ac machines,
and many companies have commercialized it. At a standstill
or very low rotating speed, the voltage signal from the back
EMF is too weak to be used as the position information, and a
signal can be injected to get the rotor position information. This
method has also been commercialized. In marine applications,
the minimum speed of the genset is set from the mechanical
limitation, such as the engine’s idle speed, and the oil pump’s
size for the lubrication. And, the minimum speed for commercial
genset is approximately 50%–70% of the rated speed. Therefore,
the back EMF-based sensorless method could be an appropriate
option for the sensorless control of dc marine vessels.

The AFE is the power electronic converter, and interactions
among the converter’s control loops could result in instability at
a specific operating condition. The VFD and SFC are also power
electronic converters, keeping ac output voltage and frequency
regardless of the dc voltage fluctuation. This behavior is called
constant power load (CPL) and could destabilize the whole
dc grid [13]. When the position sensorless control is applied
to the AFE, the voltage source characteristics of the AFE are
weakened, and thus the system stability may be endangered.
However, when sensorless control is applied to the VFD, the
ideal CPL characteristics of the VFD are weakened, and thus the
stability of the system would be better. Therefore, the importance
of analysis on the sensorless control is more critical for the
AFE than for the VFD. This article analyzes the stability of
the position sensorless control applied “PMSG+AFE” system.

To analyze the stability, the most applicable method is the
impedance analysis which utilizes the interaction between the
impedance of the source and the load. The minor loop gain is
defined as the source impedance ratio to the load impedance.
Under the assumption that each subsystem is stable, the stability
of the whole system can be determined by the Nyquist Criterion
[14], [15].

The research related to the AFE also has been applied to
various types of microgrids recently, and stability analysis using
dc impedance is being studied. Xue et al. [16] proposed the
dc impedance of the three-phase grid-tied inverter in the d-q
frame, considering the effect of PLL, current control, power
flow control, dc voltage control, and droop control. Nian et al.
[17] suggested a dc impedance reshaping method considering
grid impedance and PLL. In the dc microgrid system, the AFE
measures ac voltage with the sine filter and controls ac and

Fig. 2. “PMSG+AFE” system with dual-loop control and back EMF-based
sensorless control.

dc voltage by detecting the phase angle of ac voltage through
voltage sensing. In the case of the marine application, the AFE is
directly connected to the PMSG without an ac filter, as shown in
Fig. 2, and the ac and dc voltage are controlled by detecting
the rotor position through the position sensor. Huang et al.
[18] and Yang et al. [19] reported the dc impedance model of
“PMSG+AFE” system for more electric aircraft considering the
bandwidth of current control and dc voltage control. Lang et al.
[20] also proposed the dc impedance model considering load
distribution in parallel operation of the “PMSG+AFE” system.
These models predicted the inverter impedance for feedback
control where the effect of rotor position sensing was ignored.
However, as far as authors are concerned, the mathematical
relationship between dc impedance and sensorless control has
not been quantitively analyzed. Therefore, this article proposes
a full analytical model for the dc impedance of “PMSG+AFE”
system in the d-q frame, considering the effect of sensorless
control and dual-loop controls, namely current loop and voltage
loop, as shown in Fig. 2.

The rest of this article is organized as follows. Section II mod-
els the small-signal dc impedance of the “PMSG+AFE” system
considering back EMF-based sensorless control. Section III
describes the stability analysis according to the dual-loop control
and the parameter variation. Section IV shows the simulation and
experimental results of the proposed model. Finally, Section V
concludes this article.

II. IMPEDANCE MODELING OF “PMSG+AFE” SYSTEM

A. Power Stage and Dual-Loop Control

The voltage equation based on the rotor reference d-q frame
for the ac side is given as[
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where vrd and vrq are the output voltage, drd and drq are the duty
factor, vdc is dc-link voltage, ird and irq are measured current, Rs

is the stator resistance, ωr is the fundamental electrical angular
frequency of the PMSG, λf is the flux linkage of the permanent
magnet, and Lds and Lqs are d-q axis stator inductance of PMSG,
respectively. The superscript “r” in each variable means that
the variable is presented in the rotor reference d-q frame. The
rotational speed of the genset in the dc grid system depends on
the load. The load slew rate of a typical MW-scale genset for the
vessel is limited to 0.02 p.u./s or less [21]. Therefore, assuming
that there is no perturbation in ωr and the small-signal model
for voltage and current on (1) can be derived as

Vdc

2
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ṽdc
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The symbolic “∼” denotes the small-signal perturbation of a
variable. Capital letters of variables, e.g.,Vdc, D

r
d, D

r
q , I

r
d , I

r
q and

Ωr, denote the values of the dc link voltage, duty factor of AFE,
current of AFE, and electrical angular speed in steady-state,
respectively. Equation (2) could be converted to[
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in Laplace domain. Yout is an open loop output admittance,
and Ydci is the transfer function that relates the small-signal
perturbation of the dc-link voltage to the output currents in the
rotor reference d-q frame. For the dc side, the energy balance in
the dc-link capacitor is expressed as

1

2
Cdcv

2
dc = Ecap = Ein − Eout (4)

where Cdc is total dc-link capacitance, idc is dc, Ecap is stored
energy in whole dc-link capacitors, respectively.

From (4), the active power balance can be described as
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2
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q). (5)

v2dc in (5) is approximated as follows:

v2dc = (Vdc + ṽdc)
2 ≈ V 2

dc + 2Vdcṽdc. (6)

Substituting (6) into (5) gives a small-signal model of (5) as
follows:
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Gddc links the duty factor to dc-link voltage, and Gidc links
output currents to dc-link voltage [22].

Fig. 3. Small-signal equivalent circuit of “PMSG+AFE” in d-q frame.

Fig. 4. Small-signal block diagram of “PMSG+AFE” system with dual-loop
control and sensorless control in d-q frame.

Fig. 3 shows the small-signal equivalent circuit of the
“PMSG+AFE” system. To illustrate the influence of back EMF-
based sensorless control on the AFE, two d-q frames are defined,
i.e., rotor reference d-q frame and estimated d-q frame [22]. And,
in the steady state, (8) can be deduced from (1)
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Fig. 4 shows the small-signal block diagram of the
“PMSG+AFE” system with dual-loop control and back EMF-
based sensorless control in the d-q frame. It consists of three parts
“dual-loop control,” “back EMF-based sensorless control,” and
“power stage.”

Gdel is in front of the “power stage” part, and it is given as

Gdel =

[
1−0.5Tds
1+0.5Tds

0

0 1−0.5Tds
1+0.5Tds

]
(9)

where Td is an equivalent delay time of the control system
(Td = 1.5/fs, fs is the sampling frequency), considering digital
execution delay and PWM delay.

In the “dual-loop control” part, if Lds and Lqs are different,
both ird and irq must be controlled to operate the PMSG at
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the maximum torque per ampere (MTPA) operating point. For
surface-mounted PMSG, Lds = Lqs = Ls and it is relatively easy
to control because only irq is controlled and ird = 0. In this case,
the small-signal model of the control system can be expressed
as follows:
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Superscript “∗” denotes reference value. Gcv denotes a trans-
fer function of the dc-link voltage controller, Gci denotes that
of the current controller, Gnor denotes transformation matrix
from voltage to duty factor, Ydcv links dc-voltage to output
voltage, ẽr̂dq is feedforward component, which can be presented
as follows:[
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where Kvp and (Kipd, Kipq) are the proportional gains of dc
voltage control and d-q current control, Kvi and (Kiid, Kiiq) are
the integral gains of these dual-loop control. These gains can be
set as

Kvp =
2ζvnωvnCdcVdc

1.5Ωrλf

Kvi =
ω2
vnCdcVdc

1.5Ωrλf

Kipd = Ldsωc, Kipq = Lqsωc

Kiid = Kiiq = Rsωc (13)

where ζvn and ωvn are the damping factor and the natural
frequency of the voltage controller, ωc is the control bandwidth
of the current controller [23]. GdecI and GdecII denote the gains
for current feedforward decoupling, and Gemf denotes that of
back EMF voltage feedforward decoupling.

Fig. 5. Rotor reference d-q frame and estimated d-q frame.

Fig. 6. PI-PLL type position estimator of back EMF-based sensorless control.

B. Back EMF-Based Sensorless Control

When the “PMSG+AFE” system estimates the rotor position
and speed with the back EMF-based sensorless control, the
whole system’s small-signal dc impedance and stability are also
affected. To analyze the back EMF-based sensorless control, the
reference frames are defined as shown in Fig. 5. The superscript
“^” denotes variables in the estimated reference d-q frame. When
the actual electrical rotor angle is θr, and the angle error is
Δθr, the estimated angle θ̂r and the estimated speed ω̂r can
be presented as

θ̂r = θr −Δθr

ω̂r = ωr −Δωr

(
=

dΔθr
dt

)
. (14)

Although several back EMF-based sensorless control ideas
have been proposed for angle estimation in the literature, the
extended back EMF-based sensorless control is adopted in this
article [12]. The extended back EMF-based sensorless control
defines the difference between Lds and Lqs as LΔ (LΔ = Lds −
Lqs). The sensorless observer gives the estimated angle error
from the output voltage, current, and system parameters as

Δθr,cal = − er̂ds,est
Eex,est

= −vr̂d
∗ − (Rs + sLds)i

r̂
d + ω̂rLqsi

r̂
q

ω̂r(LΔir̂d + λf )− sLΔir̂q
.

(15)
Δθr,cal is the calculated angle error, and the position estimator
gives the estimated rotor angle θ̂r and estimated speed ω̂r

from Δθr,cal, as shown in Fig. 6. Kpllp and Kplli are the gains
of the position estimator. Kpllp and Kplli can be set as

Kpllp = 2ζpllnωplln

Kplli = ω2
plln (16)
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where ζplln and ωplln are the damping factor and the natural
frequency of the position estimator [24]. By making a small
angle approximation of trigonometric functions and canceling
the steady-state values, the relationship of duty factor between
the estimated reference frame and rotor reference frame can be
derived as [

d̃r̂d
d̃r̂q

]
≈
[
d̃rd
d̃rq

]
+

[
Dr

q
˜̂
θr

−Dr
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]
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As previously assumed, although the perturbation of the
speed, ωr is almost negligible thanks to the very slow variation
of the engine speed, there is a perturbation in the estimated
speed ω̂r in the position estimator. From Fig. 6, the integration of

estimated speed is estimated angle (
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∫ t
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Applying the small-signal analysis to the duty factor, dc
voltage, current, and speed in (15) gives
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r
q

}
+
{
V r
q − (Rs + LΔs)I

r
q − Ω̂rLqsI

r
d

}
˜̂
θr

⎞
⎠ .

(19)

Substituting (19) into (18) gives
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For surface-mounted PMSG, Lds = Lqs = Ls and LΔ = 0.
Then, substituting LΔ = 0 into (21) gives

GPLL,EMF =
(sKpllp +Kplli)

A2s2 +A1s+A0
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Fig. 7. Simplified small-signal block diagram.

Substituting (20) into (17) gives[
d̃rd
d̃rq

]
≈
[
d̃r̂d
d̃r̂q

]
+GPLLvv
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Then, GPLLvv and GPLLiv are defined as
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]
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(24)

At the “back EMF-based sensorless control” part in Fig. 4,
GPLLvv models the small-signal perturbation path from the duty
factor in the exact rotor reference frame to the duty factor in
the estimated reference frame. GPLLiv models the small-signal
perturbation path from the current in the rotor reference frame
to the duty factor in the estimated reference frame. A similar
equation can be derived for the current as[

ĩr̂d
ĩr̂q

]
=

[
ĩrd
ĩrq

]
+GPLLii

[
ĩrd
ĩrq

]
+GPLLvi

[
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]
. (25)

Then, GPLLii, and GPLLvi are defined as

GPLLii = GPLL,EMF

[
Irq (Rs + sLds) −Irq Ω̂rLqs

−Ird(Rs + sLds) IrdΩ̂rLqs

]

GPLLvi = GPLL,EMF

[−Irq
Vdc
2 0

Ird
Vdc
2 0

]
. (26)

At the “back EMF-based sensorless control” part in Fig. 4,
GPLLii models the small-signal perturbation path from the rotor
reference frame currents to currents in the estimated reference
frame. GPLLvi models the small-signal perturbation path from
the rotor reference frame duty factor to currents in the estimated
reference frame. Based on the small-signal block diagram in
Fig. 4, the “dual-loop control” and “back EMF-based sen-
sorless control” parts can be simplified, as shown in Fig. 7
with
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Fig. 8. Source impedance and load impedance.

B1 = {G−
del1−Gpllvv −Gnor(GdecI −GdecII

−Gemf−Gci)Gpllvi}−1×GnorGciGcv − Y dcv}
B2 = {G−1

del −Gpllvv −Gnor(GdecI −GdecII

−Gemf −Gci)Gpllvi}−1 × {Gnor(GdecI

−GdecII −Gemf −Gci)(I+Gpllii)

+Gplliv +Gnor(GdecII +Gemf )}. (27)

Then, the dc impedance model of “PMSG+AFE” system can
be expressed as

ZS = ṽdc(̃idc)
−1

=
ṽdc

ĩdc

= 1/sCdc

1+GddcB1+(GddcB2+Gidc)(I−Y outB2)−1(Y outB1+Y dci)
.

(28)

III. STABILITY ANALYSIS USING THE PROPOSED MODEL

This section analyzes the stability of the “PMSG+AFE”
system using the proposed model. First, the effect of dual-loop
control on the system stability is analyzed. Second, the effect of
sensorless control on the system stability is analyzed. Finally,
the system stability is analyzed when the estimated inductance
parameter is different from the actual parameter. The stator
impedance of surface-mounted PMSG is set to about 60% [25],
and the current control bandwidth is set to 200 Hz in consider-
ation of the MW-class PMSG. All system parameters are listed
in Table I. Fig. 8 shows the concept of the source impedance
ZS and load impedance ZL. CPL is implemented with a current
control bandwidth of 500 Hz. The impedance of the CPL, ZL is
calculated as follows [19]:

ZL = − V 2
dc

P ∗
load

(29)

where P ∗
load is a reference of CPL.

A. Effect of the Dual-Loop Control on the System Stability

Fig. 9 shows the effect of the dual-loop control on the stability
of the system. First, Fig. 9(a) shows the system stability accord-
ing to the control bandwidth of the current control loop when the
natural frequency of the dc voltage control loop, ωvn, is 45 Hz.

TABLE I
PARAMETERS OF “PMSG+AFE” SYSTEM

The current control loop is a lower-level control of the dual-loop
control. The larger the control bandwidth of the current control
loop, the more stable the system becomes. However, since the
control bandwidth of the current control loop is limited by the
sampling frequency of the AFE, it is essential to set the control
bandwidth suitable for the system considering the sampling
frequency. Next, Fig. 9(b) shows the system stability according
to the natural frequency of the dc voltage control loop when the
control bandwidth of the current control loop, ωcc, is 200 Hz.
DC voltage control loop is a higher-level control of the dual-loop
control. In the case of a dc voltage control loop, it can be seen
that the proper natural frequency can be selected according to
the control bandwidth of the current control. Therefore, system
stability analysis using dc impedance and Nyquist criterion
is essential for the dual-loop control system design and gain
setting.

B. Effect of the Sensorless Control on the System Stability

Fig. 10 shows the effect of the sensorless control on the stabil-
ity of the system. When the natural frequency of the sensorless
controlωplln is 0 Hz, sensorless is not applied, and when it is not
0 Hz, sensorless is applied. When ωplln is 0 Hz, it is most stable,
and asωplln is higher, it becomes less stable, but it is not unstable
in the range of 0–50 Hz. It can be seen thatωplln of the sensorless
control has little effect on the system stability. As shown in
Fig. 6, the sensorless observer estimates the angular error using
the parameters of PMSG and state variables (voltage, current,
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Fig. 9. Nyquist plots. (a) Effect of the current control loop. (b) Effect of the
dc voltage control loop.

Fig. 10. Nyquist plot: effect of the sensorless control.

speed). Therefore, the sensorless control does not significantly
affect the system stability under the exact parameter condition.

C. Effect of the Parameter Error on the System Stability

Fig. 11 shows the effect of the parameter error on the
stability of the system. Among the various kinds of parameter
errors, error in the estimated inductance value, L̂s is the most

Fig. 11. Nyquist plots. (a) Position sensored control. (b) Sensorless control.
(c) Sensorless control with L̂s = (0.7)Ls.

influential for many controllers as it is applied to the current
forward decoupling (12), the proportional gain of the current
controller (13), and the sensorless observer (15). Fig. 11(a)
shows the stability analysis result when the error of the estimated
inductance value L̂s affects only the current control loop. Since
the position sensor control is applied, the error of the estimated
inductance value L̂s does not affect the sensorless control. Even
if the estimated inductance value L̂s differs from the actual value
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Fig. 12. Simulation model: 6 kW “PMSG+AFE” system and dc load.

Fig. 13. Proposed model and PLECS verification.

by 50%, it does not significantly affect the stability. Therefore,
the error of the estimated inductance value L̂s has little effect on
the system stability in the position-sensored control. Fig. 11(b)
shows the stability analysis result when the error of the esti-
mated inductance value L̂s affects both the current control loop
and the position sensorless control. It becomes unstable if the
estimated inductance value L̂s differs from the actual value by
30%. Fig. 11(c) shows the effect of position sensorless control
when the estimated inductance value L̂s differs from the actual
value by 30%. Comparing Figs. 11(c) and 10 show the effect
of position sensorless control on the system stability when the
estimated inductance value L̂s differs from the actual value
and when there is no difference. Therefore, if the estimated
inductance value of the PMSG varies significantly depending
on the operating condition or the estimated inductance value is
uncertain, “PMSG+AFE” system can be unstable with dual-
loop control and position sensorless control.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Setup and Verification of the Impedance ZS

To verify the proposed dc impedance ZS (28) and stability
analysis, computer simulations are conducted using a power

Fig. 14. Experimental setup: 6-kW “PMSG+AFE” system and a dc/dc con-
verter for CPL.

Fig. 15. Proposed model and experimental verification.

electronics simulation language, PLECS, as shown in Fig. 12.
Prime mover is modeled as the ideal rotational speed source.
The parameters of PMSG were set as listed in Table I. AFE
consists of ideal switches and is controlled by a digital controller,
which is the same as the experimental C-programing code.
Current control, dc voltage control, and sensorless control are
implemented in the digital controller. The PWM module block
implements the PWM operation of the switches in the AFE.
The dc load is an ideal current source containing dc and ac
sinusoidal current. The source impedance ZS can be measured
by applying the ideal current source and observing the dc voltage
fluctuation of the AFE. Verification using PLECS simulation was
performed up to 1 kHz. The reason is that there is interference
with the switching frequency of 10 kHz, and the measurement
is inaccurate above 1 kHz. Fig. 13 shows the proposed model
and PLECS verification at the natural frequency of sensorless
control ωplln is 30 Hz, and the estimated inductance value L̂s

differs from the actual value by 30%. The proposed model is
consistent with the simulation measurement. Therefore, it can
be said that the proposed impedance model reflecting the effects
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Fig. 16. Verification of the stability analysis in Fig. 11(b). (a) Simulation. (b) Experiment.

of the current control, voltage control, and sensorless control
has been verified by the computer simulation.

B. Experimental Setup and Verification of the Impedance ZS

A small-scale experimental setup is organized to ver-
ify the proposed dc impedance ZS (28), as shown in
Fig. 14. The corresponding parameters are listed in Table I.
Considering the generator’s parameter, the rated dc voltage was
set to 250 V, and the mechanical rotating speed was set to 1200
r/min. As a prime mover, a wounded rotor synchronous motor of
22 kW, 440 V, and 60 Hz is utilized to emulate the characteristics
of the diesel engine. As a generator, 6 kW, 1200 r/min surface-
mounted PMSG is adopted. Since the per-unit stator inductance
of the small PMSG is much smaller than that of the MW-class
PMSG in general, the external inductance of 1.5 mH is inserted
between PMSG and AFE to emulate large PMSG. Then, the
total per-unit inductance of PMSG is set to 60%, similar to the
d-axis inductance of MW-class PMSG [24]. The AFE is a typical
two-level three-phase inverter and adopted 600 V, 150 A, IGBT.
The dual-loop control and back EMF-based sensorless control
are realized through TMS320F28377 DSP control board, and the
signal sampling frequency is set as 10 kHz. The dc-link capacitor
bank is 425μF. The dc output side of the AFE is connected to the
dc bus, and a typical bi-directional dc/dc converter is adopted
as the dc load. The inductance side of the dc/dc converter is
connected to the dc bus because dc capacitance on both sides
complicates the system stability analysis. Therefore, to simplify
the system, there is only inductance on the load side. In this
configuration, the capacitor at the output stage of the dc/dc
converter does not affect the load impedance. In addition, the
inductance instantaneously acts as a current source and is easy
to control to operate as a CPL. The current control bandwidth
of the dc/dc converter is set to 500 Hz, which is high enough

to operate as a CPL. The output power of the dc/dc converter is
regenerated by the input of the motor drive that runs the 22 kW
motor for engine emulation.

The source impedance ZS is measured by applying the sum
of the steady-state dc and disturbance ac to the dc output of
the AFE. The steady-state dc is −24 A, and the disturbance
ac is 0.1–0.5 A, 1–500 Hz. The source impedance ZS can be
calculated from the amount of fluctuation in the dc output voltage
of AFE. Since AFE and dc/dc converter are power electronics
devices, various harmonics including switching components
appear in the dc voltage waveform, so it is difficult to identify
them visually. Therefore, it is possible to measure the voltage
fluctuation to the frequency of the applied disturbance current
by using the FFT function of the oscilloscope. If the fluctuation
of the dc voltage due to the disturbance current is too large, it
may cause instability in the system. Therefore, the amplitude
of the disturbance current was adjusted so that the dc voltage
fluctuation does not exceed ±10 V. If the sinusoidal frequency
is close to the switching frequency of 10 kHz, the interference
makes the measurement inaccurate. The maximum value that
determines stability and instability occurs below 200 Hz, and
verification up to 500 Hz would be sufficient. Fig. 15 shows
the proposed model and experimental verification at the natural
frequency of sensorless controlωplln is 30 Hz, and the estimated
inductance value L̂s differs from the actual value by 30%. The
maximum value of the source impedance ZS is slightly larger
in the experimental verification and occurred at 100 Hz on the
proposed model and 85 Hz on the experimental verification.
Since the shape of the waveform between 80 and 110 Hz is
important, many measurement points are placed in this area.
The overall shape of the waveform is similar to that of the
waveform from the proposed model and that from experimental
verification. Therefore, it can be noted that the proposed dc
impedance ZS (28) is verified by experiments.
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Fig. 17. Verification of the stability analysis in Fig. 11(c). (a) Simulation. (b) Experiment.

C. Simulation and Experimental Results

To verify the stability analysis in Fig. 11(b), PLECS sim-
ulations and experiments were performed with the ideal
PMSG model and actual small-scale experimental PMSG setup.
Fig. 16(a) shows the PLECS simulation result and Fig. 16(b)
shows the experimental result. In Fig. 16, the cyan and yellow
line in the figure depict Δθr and ω̂r, respectively. The ma-
genta and blue line in the figure are Vdc and Idc, respectively.
The orange, green, and magenta lines in the figure are ir̂d, ir̂q ,

and ΔLs = (Ls − L̂s)/Ls, respectively. The sensorless control
loses its stability when the estimated inductance value L̂s differs
from the actual value by 30%. This is consistent with the stability
analysis in Fig. 11(b). The experimental result of Fig. 16(b) is
the same as the simulation result of Fig. 16(a). In both the exper-
imental and simulation results, the estimated inductance value
L̂s decreases by 5% every 0.5 s. In the first 0.5 s, there is no error
in the estimated inductance value L̂s, and the sensorless control
accurately estimates the position of the rotor, so the angular
error Δθr is also 0 rad. However, as the error of the estimated
inductance value L̂s increases, angular error Δθr gradually
increases. The error in the increased estimated inductance value
L̂s weakens the proportional gain of the current controller (13)
and forward decoupling (12). It affects the performance of
the sensorless observer (15). Eventually, it makes the system
unstable.

Verification of the stability analysis in Fig. 11(c) is also shown
in Fig. 17(a) and (b). In this case, the natural frequency of
sensorless controlωplln increases when the estimated inductance
L̂s differs from the actual value by 30%. As shown in Fig. 17(a)
and (b), the sensorless control loses its stability when the natural
frequency of sensorless control ωplln becomes 30 Hz. It can be
said that the stability analysis through Nyquist plots in Fig. 11(b)

and (c) well match the simulation and experiment results in
Figs. 16 and 17.

These simulation and experimental results show that the pro-
posed impedance model and stability analysis is feasible in an
actual “PMSG+AFE” system with dual-loop control and back
EMF-based sensorless control.

V. CONCLUSION

This article proposed and verified the impedance model of
the “PMSG+AFE” system with dual-loop and back EMF-based
sensorless control for a dc grid marine vessel. If the parameters
of the PMSG were accurate enough, there was little effect
on the stability according to the bandwidth of the sensor-
less control. However, if there were an error in the estimated
inductance parameter, the high bandwidth of the sensorless con-
trol would deteriorate the system’s stability. The proposed model
and stability analysis were verified through PLECS simulation
and experiments. The proposed model is consistent with the
simulation measurement and experimental measurement. The
stability analysis is also consistent with the PLECS simulation
and experiment. With the proposed impedance model, the stabil-
ity analysis of systems with other complex control strategies can
be carried out. For the dc marine vessels with sensorless control,
the system can be designed and optimized by considering the
proposed model.
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