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ABSTRACT The advancement in power electronics techniques provides a strong impetus for the adoption
of medium-voltage direct current (MVDC) shipboard power system (SPS). However, high fault protection
difficulty and cost are the major challenges. In this paper, a partially power decoupled SPS based on the
doubly fed induction machine (DFIM) propulsion load is presented to increase the system safety level by
using less power electronics. Different from a grid-connected DFIM-based system, the on-board power of the
proposed DFIM-SPS is supplied from standalone synchronous generators, and its system dynamics need to
be further investigated. An interface friendly average model for the back-to-back power converter (BTBPC)
in DFIM-SPS is proposed for system-level dynamic study, which reduces the simulation time and is easy
for physical understanding. The stator and BTBPC of DFIM are regarded as separate voltage vectors in the
system, and small-signal modeling is carried out in the electromechanical control timescale to analyze the
internal voltage phase-amplitude dynamics. The control effects of rotor speed control (RSC), reactive power
control (RPC), and phase-locked loop (PLL) are considered in the modeling process. The simulations are
performed to study the control effects on DFIM-SPS in MATLAB/Simulink, with the effectiveness of the
proposed BTBPC average model validated.

INDEX TERMS Shipboard power system, doubly-fed induction machine, average power converter model,
back-to-back power converter, electromechanical control timescale.

NOMENCLATURE
v, 1, ¢, f,e Instantaneous values of voltage, current,

flux, frequency, internal voltage g, Oe, Om, Osiip, 0, Grid voltage angle, internal voltage

angle, mechanical rotor angle, slip

V,L E Steady-state values of voltage, current .
and irfternal voltage £ angle, PLL synchronized angle
. . . wp, O, Wl Nominal angular frequency,
R L, C Resistance, inductance, capacitance by ©m> Lslip . & q Y
X 7 Reactance, impedance mechanical rotor angular speed,
’ ’ . slip angular speed
Ly, Ly, Stator and rotor leakage inductances pang P .
I Mutual inductance ) Rotor angle deviation
m . .
. . Tem> Tin, T Electromagnetic mechanical and
L., Ls, L,  Converter-side, stator, and rotor induc- em> Lm> D dampin t(%r es
tances (Ly = L, + Lis; L, = Ly, + Lyy) ping torq .. .
PO Active and reactive powers ny, H, F Number of pole pairs, inertia con-
’ P stant, friction factor
The associate editor coordinating the review of this manuscript and Xim, X1, Xk Mutual leakage and damping
approving it for publication was Xiaodong Sun. reactance
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ks, kp, ki Stator coupling factor, proportional
gain, integral gain

Ka, K, Ky Regulator, exciter, and stabilizer
gains

Ty, T,, Ty Time constants for regulator, exciter,
and stabilizer

S Switching function

A Small-signal perturbation

pu, div Per unit, division

Subscripts

S, 7, SS,t Stator, rotor, source side converter,
and total variables

pi, o,V q PLL, rotor current, rotor speed, volt-
age, and reactive power related vari-
ables

[k, Field winding, damper winding,
leakage variables

ub Unbalanced variable

dc DC-bus variable

nom Nominal value

stab Stabilizing value

SG Variables of synchronous generator

a, b, c Phases A, B, C

d,q Direct and quadrature components
referred to the synchronous refer-
ence frame

0 Variable value at a specific operation
point

Superscripts

* Reference value

p Variables represented in PLL refer-
ence frame

I. INTRODUCTION

The latest more-electric ships (MESs) tend to adopt DC
power distribution architectures [1]-[3] due to the benefits of
no power factor issue, no skin effect, and easy integration of
energy storage systems. The medium-voltage direct-current
(MVDC) shipboard power system (SPS) is the representative,
where the voltage level ranges from 1kV to 35kV [3]. Power
electronic interfaces are extensively used for this type of SPS
architecture, which removes the synchronization requirement
and bulky low-frequency transformers, and improves the
fuel efficiency. However, the SPS stability and reliability are
threatened owing to the characteristics of zero inertia [4], [5]
and fragile solid-state material [6]. Moreover, high fault pro-
tection requirements are presented for DC power distribu-
tion, i.e. fast and precise isolation of faulty sections [7], [8],
in which case the difficulty and cost of implementing fault
protection are high.

The most prominent feature of MVDC-SPS is that the
power electronic interfaces have the dominating status in reg-
ulating the on-board power flows. For the sake of carrying out
system-level studies, average-value modeling (AVM) meth-
ods for power converters were presented for MVDC-SPS
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[9]-[11] to release the computational burden and thus reduce
the simulation time. More importantly, dynamic average
models can be applied as powerful computational tools for
large- and small-signal analysis for power systems [12].
However, the validity of such models depends on the fre-
quency range used. In order to properly investigate the sys-
tem stability, linearization is one of the commonly applied
methods. Generally, there are three categories of AVM meth-
ods for linearizing power converter models, including tradi-
tional averaging methods [13], [14], generalized-averaging or
dynamic phasor methods [15], [16], harmonic domain-based
modeling and harmonic state-space modeling [17]-[19]. A
comprehensive review and comparison of these linearized
modeling methods for AC-DC power converters can be found
in [20]. However, these methods are emulated in a math-
ematical way, which are not straightforward for physical
understanding.

The use of AVM methods in SPS has also been widely
investigated. The modeling and simulation of low-voltage DC
MES by comparing and discussing different AVM methods
were carried out in [21]. In [22], a novel AVM approach for
MVDC system in the form of differential algebraic equation
was presented to derive a more precise approximation of the
system dynamic behaviors when comparing with the con-
ventional AVM method. However, as the propulsion module
was assumed as a constant power load, the effects of propul-
sion motor dynamics were neglected. Moreover, the dynamic
assessment of source-load interactions in MVDC-SPS was
accomplished in [23] by investigating the effects of applying
three different source-side converters. Although the effect of
source-side converter control strategy was well researched,
the impacts caused by the machine-side inverter control were
not discussed.

A large number of researchers focused on improving the
system safety level by proposing different control strate-
gies for fully rated motor drive systems to improve the
stability and reliability of MVDC-SPS [24]-[31]. Although
these methods are applicable for certain cases, they do not
deal with the intrinsic safety issues caused by applying DC
power distribution and extensive use of power electronics.
Therefore, from the intrinsic safety point of view, we pro-
pose a doubly-fed induction machine (DFIM) propulsion
load based SPS to mitigate the dominating status of power
electronics for a higher system safety level. A back-to-back
power converter (BTBPC) is connected between the rotor
and power source, with the stator directly connected to the
power source [32]. The system structure of the proposed
DFIM-SPS is displayed in Figure 1. It can be seen that the
power distribution is not only dependent on power converters,
but is also achieved by direct AC power transmission between
the stator and power source. In this case, the overall system
inertia is increased, and the breakdown of BTBPC does not
impede the operation of MES. A partially power decoupled
SPS can be obtained, where the tradeoff between AC and DC
architectures can be flexibly adjusted to achieve the optimal
overall performance.
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FIGURE 1. The system structure of DFIM-SPS.

In the field of grid-connected DFIM based wind turbines
(WTs), the system dynamics were investigated [33]-[37] for
the purpose of understanding the physical properties. The
DFIM and BTBPC are synthetically represented as a volt-
age vector in the system, which is difficult to investigate
the effects of BTBPC modeling. Moreover, the investigated
DFIM-WTs are all connected to power grid. In the case
of standalone power systems like SPS, the power source
is not an infinite grid, whose system characteristics are to
be further studied. In this paper, the modeling of DFIM-
SPS is carried out, with an interface friendly average model
of BTBPC presented for system-level study. A small-signal
model is established to analyze the internal voltage phase-
amplitude dynamics, with the control effects of rotor speed
control (RSC), reactive power control (RPC) and phase-
locked loop (PLL) taken into account.

The existing studies on DFIM small-signal modeling are all
based on grid-connected WTs, which have different system
dynamic behaviors from the proposed DFIM-SPS. In addi-
tion, the effects of BTBPC system-level average model on the
system performance have not been taken into account in these
studies. Moreover, compared with the existing AVM strate-
gies for power electronic converters, the proposed BTBPC
average model is interface friendly and easy to be physically
understood. The internal voltage phase-amplitude dynamic
analysis in a DFIM-SPS is carried out for the first time
in electromechanical control timescale, which is the main
contribution of this paper.

The paper structure is organized as follows: Section II
describes the proposed DFIM-SPS. In Section III, the models
of the main power components in DFIM-SPS are illustrated.
Then, the small-signal model for investigating the stator
phase-amplitude dynamics is presented by linearization and
transfer function deductions in Section IV. In Section V,
simulation studies are carried out to validate the proposed
BTBPC average model, and investigate the effects of RSC,
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FIGURE 2. Multi-timescale characteristics of DFIM-SPS.

RPC and PLL controller parameters on the BTBPC average
model based DFIM-SPS. Finally, the conclusion is given in
Section VI.

Il. SYSTEM DESCRIPTION

DFIM-SPS is a complicated isolated grid that consists of
multiple timescales for the onboard power components. The
synchronous generator (SG) and DFIM are regarded as the
source and load of DFIM-SPS, respectively, and they need to
be properly controlled to maintain the power balance of the
system, thus ensuring the stable system operation. Different
control timescales are presented in this system, whose details
are displayed in Figure 2.

As can be seen from Figure 2, there are two main com-
ponents to be controlled, which are the SG driven by an
internal combustion engine (ICE), and the DFIM loaded by
a propeller. The system-level analysis can be carried out
mainly in three timescales, which are the mechanical, elec-
tromechanical and electromagnetic control timescales. How-
ever, the high switching speed for power converters greatly
prolongs the simulation time if the detailed power converter
model is applied. Therefore, with the purpose of conducting
system-level studies, where the details of switching behav-
iors are not required, the average model of BTBPC is to
be used in DFIM-SPS to shorten the simulation time. For
the power source, the governor and excitation controls are
typically in mechanical control timescale, which represents
a large time constant of tens of seconds. In terms of the
load, the propeller control is accomplished in the mechanical
control timescale. These modules respond slowly, and they
can be assumed to operate in steady states when referring to
the electromechanical control timescale. On the other hand,
the DC-bus voltage is to be kept at a constant value by
using the source-side converter (SSC), whose response time
constant is around 0.1s. Moreover, the current control loop
responds faster, which has a bandwidth of around 100Hz.
These responses are too fast, so that they cannot be efficiently
applied to study the interactions between the power source
and load. In this paper, the RSC and RPC that are in the
electromechanical control timescale are the main focus, and
they play the most important role in assessing the system
dynamics of DFIM-SPS with respect to the source-load inter-
actions. Since around 80% of the on-board power is supplied
to propulsion loads [38], the service loads are not taken
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FIGURE 3. The main power components in DFIM-SPS and their control.

into consideration. The effects of cables are also neglected
as the distance between the power source and load is much
shorter than that of an onshore grid. Therefore, only the
effects of SG, BTBPC, and DFIM on system performance are
taken into consideration in the presented work.

When studying the system dynamic performance in the
electromechanical control timescale, the dynamics in the
other control timescales are neglected, and the following
assumptions are made: 1) The reference values of rotor speed
and reactive power are constant. 2) The DC-bus voltage can
track its reference all the time. 3) The SSC-side currents can
track their references instantly. 4) The transient dynamics of
stator flux, rotor flux, and inductor currents are neglected.

Ill. DFIM-SPS MODELLING

The basic unit of power components for a DFIM-SPS is
displayed in Figure 3, where the SG, BTBPC and DFIM are
presented as the power source, conversion stage, and load,
respectively. The SG is controlled by applying an excitation
system (EXS), while the control of DFIM is based on that of
the load-side converter (LSC) in BTBPC. The variables of SG
are with the subscript “SG”, while no additional subscript is
added for the variables of DFIM.

A. SG AND EXS
In this paper, a salient-pole SG and a type DC1A EXS [39]
are applied. The rotor parameters are seen from the stator
sides. There can be a number of damping windings for the
equivalent circuit in the rotor reference frame, but only one
damping winding is presented for either the d or g equivalent
circuit for simplicity. In the dg reference frame, the field
winding only exists in the d axis. The electrical model of SG
in the dg frame is displayed in Figure 4.

The vectors of voltage, current and flux for SG are defined
as below.

VsGkg 1T (nH
isGrg 1" )

osorg 17 (3)

VsG =[vsGg  VsGd  VSGfd  VSGkd

isc =liscy isca  IisGfa  iSGkd
PSGkd

0sg =loscg  wsca  vsGp

Therefore, the voltage and flux equations of SG are

vsG¢ = Rsgisg + d‘g% + wscPsc 4
¢sc = Lscisc (5)

where
Rsg = diag(Rscs, Rsas, RsGra» RsGra» RsGrg) (6)
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FIGURE 4. SG electrical model in dq frame (a) d-axis (b) g-axis.

0 wsGn 0 0 0
—WSGm 0 0 0 0
wsG = 0 0 0 0 0 7)
0 0 0O 0 O
o 0 0 0 0
Ls¢y O 0 0 LsGmg
0  Lséa LsGmd LsGma 0O
Lsg = 0  LsGmd Lscfa LsGma 0
0 LsGma LsGmd LsGka 0
| Lsmg O 0 0  Lscig
(3

The mechanical model is represented by the following two
equations.

dwscm 1
= T — T - T 9
o 5 HSG( s6m — TsGem — TsGD) 9
dsé
o = ©sGm — @b (10)

According to the swing equation (9), the change in rotor
speed depends on the values of rotor inertia, electromagnetic,
mechanical and damping torques. While the change in the
deviation angle is determined by the deference between the
actual rotor speed and base angular frequency.

The SG stator voltage vsg is regulated by a type DC1A
EXS to provide the field voltage Vy(vsgrs). After the active
voltage regulation (AVR) process, an exciter is applied to
generate the field voltage. Moreover, a stabilizer is added
to feed the field voltage component back. The control block
diagram for EXS is shown in Figure 5.

The terminal voltage V7, which is the magnitude of vgg
by excluding the high-order harmonic components, is also
applied as a feedback, since it is produced by the magnetic
flux induced by the field voltage. The input voltage of EXS
is defined as

_yr g Vo _
Vin=V"+ ? + Vstab Vr (11)

a
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FIGURE 5. Control block diagram of DC1A EXS for SG.

Therefore, the field voltage can be expressed by
Ve — KK (Trs + 1)
F= (Tas + D)(Tes + D)(Tys + 1) + KoK Ky s

Vin (12)

B. DFIM

By orienting the d-axis in the same direction as that of the
stator voltage vector, the voltage and flux equations for DFIM
dg model in the synchronous reference frame are derived
in the same forms as (4) and (5), respectively. While the
expressions for v, i, ¢, R, ® and L are different,

V= [Vsd Vsqg Vra Vg 1" (13)
i = [igq isg ird irg 1" (14)
0 = [¢sa ¥sq Pra ¥rq ]T (15)
R = diag(Ry, Ry, Ry, R)) (16)
[0 —w, O 0
o 0 0 0
@ = ob 0 0 —wup a7
0 0 wup 0
L, 0 L,
0 L 0 L
L= L, os L, 6'1 (18)
0 L, 0 L

The electromagnetic torque and the kinetic equation of
DFIM are expressed as

Tom = l'sanm(irdisq - irqisd) (19)
dow _ o0 T (20)
d ~ 2H " " b

The electromagnetic torque T, is produced by the mutual
interactions of stator and rotor dg currents, and the same
principle of (9) is applied to the kinetic equation (20).

C. DETAILED MODEL OF BTBPC
There are two power converters in the BTBPC, which are the
SSC and LSC. The SSC s directly connected to the AC power
transmission line, while the LSC is connected to the rotor of
DFIM. The topology of BTBPC is displayed in Figure 6.
The DC-link capacitor Cg is installed to decouple the
power regulation of SSC and LSC. The positive direction of
power flow is from the SSC to LSC. Sy, Sssp and Sg are
defined as the switching functions of power switches in the
three phases of SSC, while Sj,, Si» and S, are defined as the
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FIGURE 6. BTBPC topology.

switching functions of those of LSC. Therefore, the three-
phase model of BTBPC can be expressed as

I dissx ¢ R €ssa + €ssb T Essc
ssx 5. — Cssx T Dgsxlssx — ———————5
dt 3

Sssa + Sssb + S,
Sy — ssa ssb ssc Ve,
x=a,b,c
diyy . era t e+ erc
€rx — Rpxinx

xS, = — +—
dt 3 21
Sia + S + Sic
+Sx — ——1Vae,
x=a,b,c

Ve . . . .
Cdc? = (Sssalssa + Sssbissp + Sssclssc) — ir

= iz — (Slaira + Sipirp + Slcirc)

S S S
Vosx = [Sesx — M]Vdc»

3
Sia + Sip + Sic

3
lys = Sssaissa + Sssbissb + Ssscissc

ir = Sialra + Sipirp + Sicire

x=a,b,c

Ve =[St — Ve, x=a,b,c

(22)

Substituting (22) into (21), the three-phase model can be
updated as

diggy . €ssa 1+ €ssb 1 Essc
Lysx —— =egx — Rysxlsgsx ——————————— — Vssxs
dt 3
x=a,b,c
dipy . €rq t erb + €rc
er_ == _erx - Rrxlrx + - 5 + VVX7 (23)
dt 3
x=a,b,c
Ve . .
Cdc? =lgs — Ir

Assume that the three phases at both the source and load
sides are balanced (Rgsq = Rysp = Ryse = Rys; Lgsq = Lgsp =
Ly =Lss; Rig =Ry =Rye =Ry Lyg =Ly =L = L,).
The BTBPC dg model is derived as

d issd
q . . .
58 —dt = €ssdq — Rsxlssdq — Vssdq — JweLSSlSqu
dipq
q . . . 24
L, o = —erdq — Ryirdq + Vrdq + jwsiipLrirdg (24

v . .
Cdcﬁ =lss — Ir

D. INTERFACE FRIENDLY AVERAGE MODEL OF BTBPC
In the detailed BTBPC model, the switching functions are
obtained by comparing the instantaneous values of carrier
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FIGURE 7. Equivalent circuit of proposed BTBPC average model.

wave u,. and modulated wave u,,.

1, uy > u.

S =

(25)

0, wy < uc

Since the switching frequency of AC-DC power converter
is at the level of several thousands to tens of thousands of Hz,
the step time used in the simulation needs to be small enough
to construct the valid carrier wave.

When it comes to the system-level analysis, the details
of switching functions are not concerned. In this paper,
only the system dynamics in the electromechanical con-
trol timescale are taken into account. Instead of using the
detailed BTBPC model that illustrates the switching details,
an interface friendly average model is applied to represent the
BTBPC as four controlled voltage sources, which are placed
between phases A and B, and between phases B and C at the
SSC and LSC sides, respectively. The three-phase modulated
signals and current values are the inputs for the control block
to obtain the phase-to-phase voltages. The equivalent circuit
for BTBPC average model is displayed in Figure 7, and
the phase-to-phase voltages for the four controlled voltage
sources are calculated by

Vssab = 0.5Vic(Umssa — Umssp)
Vssbe = 0.5Vac(Umssh — Umssc)
Viab = 0.5Vac(tmia — wmip)
Vrbe = 0.5Vie(tmip — tinic)

(26)

In addition, the magnitude for any of these voltage values
should be smaller than V.. The value of V. can be derived
according to the following equation.

1 Py, — P,
Vie = — / =T (27)
Cdc Ve
where
Pss = Vsablssa — Vssbelsse (28)
Pr = Viapira — Vrbelre (29)

IV. SMALL-SIGNAL MODELLING OF DFIM INTERNAL
VOLTAGE PHASE-AMPLITUDE DYNAMICS

A DFIM is deemed as a two-port electric machine that regu-
lates power by two paths, where the AC power path is directly
connected to its stator, and the power electronic path is
connected to its rotor through BTBPC. Therefore, the stator,
rotor, SSC and LSC can all be regarded as voltage vectors

93344

FIGURE 8. Equivalent circuits of DFIM and BTBPC represented by voltage
vectors.

to show their external characteristics in the DFIM-SPS. The
resistances in the circuit are neglected as they are small
compared to the corresponding reactance counterparts. The
equivalent DFIM and BTBC circuits represented by voltage
vectors are displayed in Figure 8. As defined in [35], eg is the
internal voltage of DFIM, which is expressed as

€sdq = ijirdq (30)

A. LINEARIZATION OF INTERNAL VOLTAGE VECTOR
As the stator of DFIM is directly connected to the power
source, and the main power flow is injected into the propul-
sion system through the stator, it is of paramount importance
to investigate the phase-amplitude dynamics of es.

The dg components of es are expressed as

efd = egcos bl = —Xmi[,’q 31

&y = essinbl = Xy,
The superscript “p’* indicates that the dg components project
into the dq reference frame defined by PLL. Take the partial
derivative of 62 at some operation point and combine the two

equations, AG. can be derived as

XmAiIr)q sin 950 + X,,,Ai"r’d cos 050

AOP = 32
: o (32)
At a specific operation point, the amplitude of e is expressed
as Ej, as shown in (32). In the steady state, 650 = —7/2,
SO sin@fo = —1and cos@fO = 0, and (32) is updated as
XA,
AOY = _mor (33)
ESO

By applying the similar process, Aeg can be obtained as
Aeg = =X Al cos 0% + Xy Al sin 02 (34)

By applying sin@fo = —1land cos@fo =0, (34) is updated
as

Ae; = =X Al (35)

B. LINEARIZATION OF RSC AND RPC

As this paper focuses on the system dynamics of DFIM-SPS
in electromechanical control timescale, the DC-bus voltage
Vg is assumed to be stable, thus only the control of LSC
is considered. The d and ¢ axis rotor currents are controlled
respectively for controlling the electromagnetic torque T,y

VOLUME 7, 2019
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FIGURE 9. Control block diagram including RPC and RSC for DFIM.

and the terminal voltage v;, whose reference values are
derived from RSC and RPC, respectively, which are

l.jd _ (wm — wm)(kpa) + kiw/$) (36)

ks@s
%, = [(QF — Q0kig/s — vslkin/s G7)

where ks = L,/L; is the stator coupling factor. The refer-
ence value of d-axis rotor current i:‘d is determined by RSC,
while that of g-axis rotor current i}, is decided by RPC. The
control block diagram including RSC and RPC is displayed
in Figure 9.

The RSC and RPC are linearized to describe the small-
signal values of dg rotor currents.

ALy = (Awy — Aay) Ky, + ki /5) (38)
Al = (AQ} — AQ)kigkiv/s” (39)
where k[;w = (kpw/ksps0) and k,'/w = (kiw/ks@s0)-

C. LINEARIZATION OF PLL

The output angle of PLL 6, is obtained by implementing
PI control and another integration for the g-axis component
of vg.

Op = vsqlkpp + kip/s)/s = vs sin Qg(kp,, + kip/s)/s (40)
Linearizing it at some operation point,
AL (kpp /s + kip/s7) (41)

Under the steady state, the difference between grid voltage
angle 0, and synchronized angle of PLL 6, is 0, thus (41) can
be modified as

A, = Vi cos ng

ABy = Voo AOP (kpp /5 + Kip/5%) (42)

The internal voltage phase and amplitude dynamics can
be obtained based on (33)-(35) and (38)-(42) by taking
PLL, RSC and RPC into account. As the small-signal model
is established in the electromechanical control timescale,
the SSC dg currents igq and iz, track their reference values,
so does the terminal voltage vs. Therefore, the small-signal
model of DFIM internal voltage phase-amplitude dynamics
is illustrated in Figure 10.
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FIGURE 10. Block diagram of small-signal model of DFIM internal voltage
phase-amplitude dynamics.

D. TRANSFER FUNCTIONS FOR A6e AND Aes
The final step in small-signal modeling for internal voltage
phase-amplitude dynamics study is to derive the transfer
functions for A6, and Ae;s. Therefore, the grid voltage angle
Ab, needs to be eliminated.

The expressions of the active and reactive powers delivered
to the stator of DFIM are shown below.

P, — esvs sin(0y — 0,) 43)
Xs
€2 — e;v5cos(0y — 6,)

Qs = X, (44)

Linearizing the above two equations, and since 6, =0, ata
specific operation point, the following equations are derived.

X, APy = —Vy9Aeg sin 0,07 — EgoAvy sin 6.0
+ Ex Vo Aeg 08 00" — E0Vs0 Ab, cos eo (45)
X,AQs = 2Ej0Aey — VigAes cos 0,0 — Ego Avg cos Oe

— EgVs0Abg sin 0.0P + Es VoAb, sin 0,07 (46)
Combining (45) and (46), the grid voltage angle Af, can
be replaced by the following expression.
2Aeg sin 950

Ey
+XSAPX cos 050 — X;AQy sin 950

Ex0Vio

Ay = A6, +

47

The simplification of (47) can be achieved by assuming
that sinf’) ~ —1 and cosf’; ~ 0.

2Aeg X;AQy
Eyo EsVio

Therefore, Af, is a function of Af,, Aeg and AQ;.

By applying (48), the DFIM internal voltage phase-
amplitude dynamics can be updated as shown in Figure 11.
Then, the internal voltage amplitude Ae; is to be removed
from (48). Since the reactive power through BTBPC is kept
at 0, the stator reactive power Qs is almost equal to the total
input reactive power Q;. Therefore, the transfer function from

Ay = A6, —

(48)

93345



IEEE Access

K. Ni et al.: Internal Voltage Phase-Amplitude Dynamic Analysis With Interface Friendly BTBPC Average Model

I
I

»

'

H e ————

FIGURE 11. Updated DFIM internal voltage phase-amplitude dynamics.

FIGURE 12. Further updated DFIM internal voltage phase-amplitude
dynamics.

the unbalanced reactive power AQ,;, to the internal voltage
amplitude Ae; is expressed as

Aeg = _kaiqkivAQub/S2 (49)
where
AQup = AQ§ — AQs = —AQ; (50)
Substitute (49) and (50) into (48),
2kaiqkiv
Af, = Af — A 51
g e + ( Es082 vOVv VAQup (5D

Based on (51), the DFIM internal voltage phase-amplitude
dynamics can be further updated, which is displayed
in Figure 12. Furthermore, the transfer functions for A6, and
Aeg are obtained by the deduction process in Figure 13.

Ab, = (G| + G1G)ATyp + G3G4AQup (52)
Aey = G2 AQup (53)

The expressions of G; ~ G4 are shown in Appendix. G is
related to RSC; G, and Gj3 are linked with RPC; Gy is related
to PLL. According to (52) and (53), it can be summarized
that A8, is determined by RSC, RPC and PLL, while Ae;
is dependent on RPC. Therefore, it is valuable to investigate
the control effects of RSC, RPC and PLL on DFIM internal
voltage phase-amplitude dynamics in the electromechanical
control timescale.

V. SIMULATION RESULTS AND DISCUSSION

The simulation studies are carried out in Matlab/Simulink
to verify the operation of a DFIM-SPS by applying the
proposed interface friendly BTBPC average model, and the
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FIGURE 13. Further updated DFIM internal voltage phase-amplitude
dynamics.
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FIGURE 14. Comparison between the values of key variables derived by
using the detailed and average BTBPC models (a) vs (b) Tem (¢) ®m
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control effects of PLL, RSC and RPC on DFIM stator phase-
amplitude dynamics are investigated. The time steps of 50us
and 100us are applied for the DFIM-SPS discrete models
with the detailed and average BTBPC models, respectively.
The mechanical/load torque input for DFIM torque is 0.8pu,
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and the reference rotor speed is 0.8pu. The simulation param-
eters for the DFIM and SG, along with the primitive controller
gains for RSC, RPC and PLL are displayed in Appendix.

The interface friendly BTBPC average model is applied in
DFIM-SPS to reduce the time used for simulation, and the
model is verified by comparing its performance to that of the
detailed one. The key variables are compared for these two
models, which are shown in Figure 14. It can be seen that
oscillations are eliminated for the values derived by using the
proposed average model of BTBPC, as the switching behav-
iors are omitted by replacing the switches with controlled
voltage sources. The stator voltage v, electromagnetic torque
Tem, rotor speed wy,, and DC-bus voltage V. are all kept at
nominal values when the ship operates at a specific operation
point. The internal voltage phase 6, is around (—7/2), which
is shown as a value close to 377/2 in the figure, and the internal
voltage amplitude e; is about 0.9pu, since the DFIM operates
as a propulsion motor in the system.

In the electromechanical control timescale, the control
effects of PLL, RSC and RPC are focused on. All of these
control loops are related to the internal voltage phase dynam-
ics, while only RPC affects the dynamics of internal volt-
age amplitude. The effects of varying PLL, RSC and RPC
controller gains on system performance by applying the pro-
posed interface friendly BTBPC average model are displayed
in Figures 15-18, Figures 19 & 20, and Figures 21 & 22,
respectively. When varying one of the controller gains, the
others are kept at the primitive values, which are shown in
Appendix.

It can be seen from Figure 15 that the PLL proportional
gain ky), is decreased from 7.5 to 1.5, with the step change
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FIGURE 17. Enlarged drawing of Fig. 15 from 0.9s to 1.1s.

of 1.5 to observe the effects on vy, Ty, w,; and the internal
voltage phase 6.. When the value of kj, is large enough,
the values of all these variables are kept stable. However, once
kpp 1s decreased to 1.5, the oscillation becomes more evident
as the time goes, and eventually instable performance will be
caused, which is not desirable. On the contrary, as can be seen
from Figure 16, when the value of k;, is small enough, the val-
ues of system variables track the corresponding values at the
specific operation point very well. While obvious fluctuations
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FIGURE 19. Control effects of varying k;, on (a) vs (b) Tem () ©m (d) Oe.

with decreasing amplitudes are presented when k;, reaches
100, thus it takes much longer time for the system to achieve
the stable operation.

In order to observe more details of applying different PLL
controller gains on the system performance, the enlarged
drawings of Figures 15 & 16 from 0.9s to 1.1s are displayed
in Figures 17 & 18, respectively. Clear distinctions can only
be seen by applying k,, = 3 and k;, = 50 when comparing
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to the plots with the other controller gain values (except
kpp = 1.5 and k;;, = 100) in Figures 17 & 18, respectively.
The control effects of varying RSC controller gains are
presented in Figures 19 & 20. It can be seen that by changing
the proportional gain k., the values of these variables can
track their reference values with some fluctuations, but good
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tracking performance is preserved. As the average BTBPC
model is applied, the electromagnetic torque tracking accu-
racy is a little bit lower than using the detailed model,
and the derived value of T, is slightly higher than 0.8pu.
From Figure 20, some distinctions in the system performance
by using different integral gains are presented. Larger k;,
results in more serious oscillations and longer time to achieve
the steady operation point. However, as can be seen from
Figure 20(c), the tracking accuracy is higher when the RSC
integral gain becomes higher.

From (52) and (53), since the integral controller gains
kiq and k;, always appear in the form of k;;k;,, the effect
of varying the value of k;; is the same as that of varying
the value of k;,. From Figures 21 & 22, the variations in
kig and k;, for RPC almost have no effects on the system
performance, since the values of each variable when applying
different values of k;; and k;, are equal to each other. This is
because the calculation of stator reactive power Q; is only
dependent on the stator voltage and current, whose transient
behaviors are eliminated due to the use of the proposed
BTBPC average model, thus AQ,;, = 0. According to (52)
and (53), the effects of G, and G3, which correspond to those
of RPC, are therefore not reflected. Contrarily, as mentioned
above, there are differences between the actual and reference
electromechanical torque values, thus AT, is not 0, and the
effects of G (related to RSC) and G4 (related to PLL) can be
observed based on (52) when adjusting the values of &y, k;,
kpo and kig,.
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VI. CONCLUSION

In this paper, a partially decoupled DFIM-SPS is proposed to
enhance the system safety level by mitigating the dominating
status of on-board power electronics. An interface friendly
BTBPC average model is proposed for system-level analysis
by replacing the switching behaviors with controlled volt-
age sources. Besides, a small-signal model for studying the
DFIM internal voltage phase-amplitude dynamics in the elec-
tromechanical control timescale by considering the effects
of BTBPC average model is proposed and illustrated. The
control effects of RSC, RPC and PLL are taken into con-
sideration for deriving the transfer functions of the internal
voltage phase-amplitude dynamics in the concerned control
timescale.

From the derived DFIM internal voltage phase and ampli-
tude motion equations, and the simulation results obtained by
applying the proposed BTBPC average model, the following
key points are obtained.

1) The DFIM-SPS with the proposed interface friendly
BTBPC average model can correctly simulate the system
operation without considering the fast transients caused by
switching behaviors.

2) The PLL proportional gain k, should be large enough to
avoid instable operation, while the PLL integral gain k;, needs
to be small enough to ensure fast tracking performance.

3) A larger RSC integral gain kj, leads to more serious
oscillations and longer time to achieve stable operation, but
higher speed tracking performance is obtained.

4) The control effects of RPC cannot be explicitly investi-
gated when the proposed BTBPC average model is presented,
which is a drawback of the proposed model.

Detailed stability analysis will be performed in the authors’
future work to provide clearer theoretical guidance on the
controller design for the proposed DFIM-SPS.

APPENDIX
A. EXPRESSIONS OF TRANSFER FUNCTION BLOCKS
Xk! s+k.)
G| = po | el (A.1)
Ew(2Hs + F)s
Xinkigki
Gy = ————~ (A2)
A
2Xmkigki X
G; = m zq2 o s ’ (A3)
Esos EsoVso
kpps + ki
Gy = Vo= 3= (Ad4)

B. DFIM PARAMETERS USED IN SIMULATION

Prom = 4 MW/SMVA; Vo = 4.16 XV; fuom = 50 Hz;
Viacnom = 6.6 kV; Cgqe = 30 mF; Ry = 0.023 pu; Ly =
3.08 pu; R, = 0.016 pu; L, = 3.06 pu; L,, = 2.9pu;
H =3.5s,F =0.01pu;n, =2;R. = 0.003 pu; L, = 0.3pu.

C. SG PARAMETERS USED IN SIMULATION
Poom = 4MW/SMVA; Vuon = 4.16kV; from = 50Hz;
n, = 20; Ry = 0.036pu; Xy = 1.321pu; X, = 0.1685pu;
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xd = 0.105pu; X = 1.173pu/;/X(;/ = 0.09pu; X; = 0.075pu;
T,, =6.5s;T,; = 0.0241s; qu = 0.0464s.

D. PRIMITIVE CONTROLLER GAINS
RSC: kpy = 3, kiy = 0.6; RPC: kiy = 20, ki, = 10;
PLL: ky, = 4.5, ki = 39.27.
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