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Abstract—An optimal three-dimensional current computation
flux weakening control strategy for dc-biased Vernier reluctance
machines (VRMs) is proposed in this paper. Compared with per-
manent magnet synchronous machines, dc-biased VRMs have an
additional degree of freedom to regulate the rotor flux through vari-
able dc-biased armature current. The conventional flux weakening
control strategy does not utilize the adjustable dc field current,
and the output capacity in the flux weakening region is limited.
In this paper, the optimal three-dimensional current distribution
is calculated at the intersection of current and voltage constraint.
Meanwhile, in order to maintain the armature voltage within the
voltage constraint, the inductance nonlinearity is reflected by con-
structing the inductance table. The algorithm provides maximum
output capability and high efficiency for dc-biased VRMs despite
the changes in inductance parameters in the whole flux weakening
region. Finally, the effectiveness of the proposed control strategy is
validated by experimental results for a prototype machine.

Index Terms—DC-biased, control strategy, flux weakening, in-
ductance nonlinearity, three-dimensional current, Vernier reluc-
tance machine (VRM).
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I. INTRODUCTION

ERMANENT magnet synchronous machines (PMSMs)
P exhibit high torque density, high-power factor, and high
efficiency merits [1]-[4]. However, the high permanent magnet
(PM) material cost limits the competitiveness of PMSMs in cer-
tain low-cost applications. Meanwhile, flux weakening control
is required in most of the traction applications using PMSMs,
the uncontrollable PM flux-linkage limits the flux weakening
capability.

To achieve wide operation range, it is possible to use tra-
ditional rotor wound field synchronous machines (RWFSMs)
[5]-[8]. The rotor current is utilized as an additional degree
of freedom, and it allows high achievable system efficiency in
all operation ranges. However, in these conventional RWFSMs,
brushes and slip rings are usually required in order to supply
the dc current to the rotor, which has restricted their potential in
wider applications [9], [10].

Stator wound field synchronous machines (SWFSMs), in-
cluding dc-excited multitoothed switched reluctance machines
[11], [12], stator dc-excited Vernier reluctance machines (DC-
VRMs) [13], [14], and variable flux reluctance machines
(VFRMs) [15], [16], have a set of DC field excitation windings
placed on the stator together with AC armature windings. There-
fore, brushes and slip rings are avoided. The rotor robustness
and reliability have potential to be better and their maintenance
cost has potential to be lower. Moreover, compared with RWF-
SMs, better thermal management can be achieved in SWFSMs
since all excitation sources are mounted on the stator. However,
in SWFSMs field windings and armature windings are in the
same stator slots, which lead to complex production process
and more copper loss.

Therefore, the dc-biased VRM (dc-biased-VRM) with inte-
grated dc field windings and ac armature windings [17], [18] is
proposed to solve the problem. The integrated field and arma-
ture windings are connected in parallel to form a single stator
winding, thus, the resistance is reduced by half, which helps
reduce the copper loss and improve the efficiency [19]. The ar-
mature winding current waveforms are sinusoidal with dc bias
[20], [21]. The dc-biased current can flexibly change the virtual
rotor flux, which assures a superior flux regulation capability.
The average torque is produced by the interactions of the rotor
flux and the stator flux [17]. Meanwhile, the dc-biased-VRM
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Fig. 1.  Structure and corresponding main drive circuit of the 12/10 six-phase
dc-biased-VRM. (a) Machine structure. (b) Main drive circuit.

has concentrated stator windings and doubly salient structure,
and it makes the machine to have high reliability, low cost, and
the heat can be dissipated easily [22]. The dc-biased-VRMs
can not only broaden the constant power operation range, but
also improve the torque density. With those characteristics, the
dc-biased-VRMs can be ideally used for applications which
require high speed, variable speed, and operating in severe
conditions [23].

For the purpose of realizing the injection of dc-biased cur-
rent, an integrated field and armature current control strategy
is proposed in [20] and [21]. The opposite zero-sequence volt-
age between the two winding groups generate the zero-sequence
current, and the zero sequence current is utilized as the de-biased
current. The dg-axis currents are utilized as the ac component
[24]-[26]. However, the dc-biased current remains unchanged in
the flux weakening region. It restricts the flux regulation ability
of dc-biased-VRMs, and the output ability in the flux weakening
region is further limited.

In this paper, an optimal three-dimensional current compu-
tation flux weakening control strategy for dc-biased-VRMs is
illustrated, aiming to maximize the output torque. According
to the mathematical model in dg0-axis, the voltage and current
constraints are explained. Through constructing the Lagrange
function, the optimal three-dimensional current distribution is
calculated at the intersection of current and voltage constraints.
Meanwhile, the optimal current distribution is dependent on the
value of inductance. The inductance nonlinearity is reflected
by constructing the inductance table to enhance the machine’s
performance. Finally, the improvements with the proposed flux
weakening control strategy are verified experimentally under
various operating conditions.

II. MATHEMATICAL MODEL OF DC-BIASED-VRMS

A. Machine Structure

The structure of the 12/10 six-phase dc-biased-VRM is shown
in Fig. 1(a). The coils of one phase are divided into two groups

for the purpose of realizing the dc current flow path [17], for
example, A1, B1,Cl and A2, B2, C2. The arrows in Fig. 1(a) and
(b) represent the reference direction of the ac current. The sign
“+” of the armature windings represents the dc-biased current
in, and the sign “~°" represents the dc-biased current out. The
corresponding main drive circuit is shown in Fig. 1(b). The six-
phase inverter is associated with the machine in order to provide
the dc flow path. With this topology, the dc-biased current can
be regulated by adding the opposite zero sequence voltage in
the two winding groups.

The phase currents of the two winding groups are as follows:

ia1 = Ipccos(6.) + I

_'7)+Idc

(

ip1 = Ipccos(0,

ic1 = Iaccos(0e +v) + Igc
(
(
(

ey

iz = Iyccos 06) — Iy
Z‘BZ - IacCOS 9(3 - 'Y) - Idc
ico = Iecos(0e + ) — Iue

where [, is the magnitude of the ac armature current com-
ponent; 6. is the electrical angle and can be expressed as
0. = N,w,t, N, is the number of rotor slots, w, is the rotor
mechanical angular speed; and Iq. is the dc-biased current in
phase windings. For the purpose of simplifying the expression,
the electrical angle between different phases is presented as
in this paper, and ~y equals to 27/3.

The ac component of the two winding groups is exactly the
same, and the dc components have the opposite direction. The
stator flux produced by ac component in the armature windings.
Meanwhile, the rotor flux is flexibly changed by the dc-biased
current. The average torque is produced by the interactions of
the rotor flux and the stator flux.

B. Mathematical Equations in Synchronous Rotating Frame

The self-inductance and mutual inductance waveforms and
fast Fourier transform distributions are shown in Fig. 2. The
waveforms are obtained from the 12/10 six-phase dc-biased-
VRM finite element analysis (FEA) model, and the phase current
is the rated 19 A. L4, is the self-inductance of phase Al.
M 411 1s the mutual inductance between phases Al and Bl
(two different phases of the same winding group). M 4142 is
the mutual inductance between phases Al and A2 (the same
phases of two different winding groups). M 4152 is the mutual
inductance between phases Al and B2 (two different phases of
two different winding groups).

As shown in the harmonic analysis in Fig. 2(b), the amplitude
of first-order harmonic is comparable with the constant compo-
nent. The average torque is produced by the interaction of con-
stant component and the fundamental component of inductance
[17]-[19]. Hence, the constant component and the fundamental
component are analyzed in the mathematical model to simplify
the expression.

The steady-state voltage equation for the six-phase dc-biased-
VRM in the synchronous rotating frame [20] is given by

Uqq0 = Rsidq() + wequOIiqu (2)
where wgg0 = [Ud1, Ug1, o1, Udz, Uga, Uo2]! is the dgO-axis
voltage vector. uq1, u,1, and ug; are dg0-axis voltages for wind-
ing ABCI, and ug2, ug42, and ugy are dg0-axis voltages for
winding ABC2. The dq0-axis current vector has the similar ex-
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Fig. 2. Inductance waveforms and harmonics of the 12/10 dc-biased-VRM
FEA model. (a) Inductance waveforms. (b) Harmonics.

. . s . . . . . T / -
pression gqo = [2a1, %q1, @01, Ta2, ?,,2,0202] . Ly, is the cou-
pling inductance, when the alternating inductance components
are neglected, it is expressed as

[ Lago’ (3x3) i Mago' (3x3)
Ligo' = DU P S (3-a)
| Mago'(3x3)1 Laqo’ (3x3)
[0 —(L1 + My) 0
qu()/(3><3) = Ll + Ml 0 L6 - M16
L0 0 0
(3-b)
[0 —(My — Ms) 0
Md(1023><3) — MQ - M3 0 MQ(; + M35
0 0 0
(3-0)

where L, is the self-inductance of the stator winding. M is the
mutual inductance for two different phases of the same wind-
ing group. M, is the mutual inductance for the same phases of
two different winding groups. M3 is the mutual inductance for
different phases of two different winding groups. L; is the fun-
damental component of self-inductance. M s is the fundamental
component of mutual inductance for two different phases of the
same winding group. Ms; is the fundamental component of
mutual inductance for the same phases of two different winding
groups. M3 is the fundamental component of mutual induc-
tance for different phases of two different winding groups.

In the six-phase dc-biased-VRM, the ac component of the two
winding groups is exactly the same, and the dc component has
the opposite direction. It can be presented in dg0-axis currents as
follows: 141 = 140 = id, iql = iqg = i(I, 191 = —192 = 1. De-
fine LS = Ll -+ M1 —+ M2 — Mg,and LU = L(s—Ml(s -+ M25 -+
M35, and the dg0-axis voltage components in (2) can be
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expressed as

Udg1 = Rsid - LUELSZ'(I

Ugl = Rsiq 4+ we Lgig + we Lo g (4-a)
up1 = Rsio

Uq2 = Rsid — weLsiq

Ug2 = Rs’id + We Ls’id + We LU i() (4-b)
Upy = 7R57;0.

From (4), the dg-axis inductance has the equal value. The
electromagnetic torque is generated by the sum of two winding
groups, and it can be obtained by calculating the cross product
of the total linkage flux and current vectors in the dg0-axis,
where n, is the number of rotor slots

T. = 3n, Loi,io. (%)

C. Voltage and Current Constraints

The operating point (7,4, ¢, i9) is constrained by the voltage
and current limitations. The maximum current rms value %,y
is determined by the machine thermal rating [12]. The constant
amplitude transformation matrix is used in this paper, and the
current limit circle is expressed as [27], [28]

. 2 . 2
z;?:(”) +<Zq) Fig? < iy 6
s1 NG NG 0° < 6)

where 741 is the armature current rms value of winding ABC1.
The current limit circle for winding ABC2 is exactly the same.

The maximum voltage uy,y that the inverter can supply to
the machine is limited by the dc-link voltage and the pulsewidth
modulation (PWM) strategy [29]. This paper is based on space
vector PWM, and t,y is Vae/ V3 [20]. The voltage limit equa-
tion for winding ABCl is

Ug] = \/ud12 +ug1? 4+ 112 < Umax (N

where u, is the armature terminal voltage of winding ABC1.
The phase resistance of the dc-biased-VRM is relatively
small. When the machine is operating stably, the inductance
voltage drop takes the leading role, and the resistance voltage
drop is neglected. Substituting (4-a) into (7) and neglecting the
resistance voltage drop, (7) can be rewritten in the form of (8).
The voltage constraint is expressed as a circle in the dg-axis
whose center is (— Loig / Ls, 0), and the radius is tmayx / (Lswe )

2
(id + f—jio) i, » "
+ <1.
(umaX/ (ste))2 (umaX/ (ste))Q

The voltage constraint can also be expressed as an ellipse
in the g0-axis, whose center is (—Ls iq / Lo, 0), the radius is
Umax / (Lswe), and umax / (Lowe ). The voltage limit equation
for winding ABC2 is exactly the same

(’io + é; id>2 iq?
(umax/ (L()we))2 (umax/ (Ls‘*‘)e))2 B

III. CONVENTIONAL FLUX WEAKENING CONTROL STRATEGY

(€))

In order to maximize the output torque in the whole operat-
ing range, the optimal set of i4, ¢;, and i needs to be found.
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Fig. 3. Current trajectory of the conventional control strategy in dg-plane.

In the conventional flux weakening control strategy, the 0-axis
current ¢ is fixed at 0.7074max [21]. The airgap flux is weakened
by applying the negative d-axis current, which is similar to the
control strategy for surface-mounted PMSMs. The current tra-
jectory gives the maximum output torque when 7y = 0.707%ax
at three operating regions.

A. Constant Torque Operating Region (w < w)

In the constant torque operating region, the maximum torque
per ampere control strategy with optimal dc and ac compo-
nents is adopted [12], and ¢y = 0.707i,, iq = 0. From (5) and
(6), the maximum output torque can be achieved on the edge
of the current limit circle. At the moment, iq = 0, i; = imax,
and 79 = 0.707¢ .. Fig. 3 shows the optimal current trajectory
of the conventional control strategy in the dg-plane. The base
speed w is the onset speed of flux weakening operation. It can
be expressed at the intersection of current limit circle and the
voltage limit circle of w;, shows in point A. For the dc-biased-
VRM having tmax = 19 A, tumax = 20 V, and wy = 500 7rrad/ s,
the point A has the coordinates in the dg-plane of (0.0, 19.0),
and the corresponding ¢ is fixed at the value of 13.4 A.

B. Flux Weakening Operating Region I (w; < w < w»)

For speed over wy, the optimal current trajectory is at the
intersection of the current limit circle and voltage limit circle. At
the moment, ¢51 = 4max and Us; = Umax. For the dc-biased-VRM
having Ly = 596.3 yH and Ly = 317.1 pH, the coordinates of
point B can be calculated from (6) and (8) of speed w». As shown
in Fig. 3, with the increment of the rotational speed, the current
trajectory moves along the current limit circle from point A (0.0,
19.0) to point B (-7.1, 17.6).

C. Flux Weakening Operating Region Il (w > w2)

The speed w- is the onset speed of the flux weakening
region II. It can be expressed in the optimal current trajectory at
point B. For the speed over ws, the optimal current trajectory is
on the maximum torque per voltage (MTPV) line. At the mo-
ment, i57 < tmax and Us] = Upax. The optimal current trajectory
moves from B to C as the rotational speed increases. Point C
corresponds to the theoretical maximum speed, and it has the co-
ordinates of (7.1, 0). The current trajectory is only constrained
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by the voltage limit circle, and the current constraint is not fully
utilized. It restricts the output capacity of the dc-biased-VRM.

IV. PROPOSED FLUX WEAKENING CONTROL STRATEGY

The conventional i-fixed flux weakening control strategy is
simple to be implemented, however, the 0-axis current is not
utilized as an additional degree of freedom. To achieve the max-
imum torque capability in the flux weakening region, the pro-
posed three-dimensional current computation flux weakening
control strategy is introduced. The current trajectory is trans-
formed from the dg-plane into the three-dimensional dg0-plane.

A. Solution of the Optimal Three-Dimensional Currents

When iy is utilized as an additional degree of freedom,
the optimal current trajectory is transformed into the three-
dimensional dg0-plane. The optimal operating point (¢4, %, %)
can be calculated by adopting the Lagrange method. To simplify

the calculation process, the target function is replaced by
T =1n(igig) = Iniy + Indg. (10)

By using (6) and (8) as the constraint equations, and (10) as
the target function, the Lagrange function is expressed in (11),
where A, and Ay are Lagrange multipliers

Flig,igyio, 1, ha) = Inig + Inidg + Ay ((—Lsiq)Z

F2 2
) . % ( , .
+(led +L010)2 7(11,51/(.06)2) + )»2 (;+ q7 + 202 — 7,512> .
(11
Then, the necessary conditions for the optimal solutions are
expressed as
OF (iq,ig, 10, M, ) [Oia = 2A1 (Ls%iq + Ly Loiy)
+A1g =0
OF (ia, i, do, 1, 42) /0ig = - + 201 L%iy + Aoty = 0
OF (ia,iq,10, A1, A2) [Qig = i + 2y (Lo%io 4+ Ly Loiq)
+2A9ip =0
OF (igyiq, o, A1, ha) /001 = 3+ Sig? — i = 0
OF (iayiqyio, My k) [Oha = (Lyig)® + (Lyiq + Loio)
—(ug1 /we)* = 0.

(12)

The analytical solution is finally obtained by solving (12),
and it is expressed as

) \/QLSQ(Ll,2+2LS2)i$12+(LUZ2LS2)“”5122
0 = =

Lo?+2L,*

o= Lelo (g 20 (13)
d — L0272L,,.2 10 io

iq=\/2i% —ig% — 26>,

If the current vector is controlled according to (13), the resul-
tant armature terminal voltage u,; is always kept within wjjp,.
Fig. 4 shows all the aforementioned boundaries and current
trajectory. Fig. 4(a) is the operating range in the dg-plane. The
black bold line is the optimal current trajectory for the dc-biased-
VRM. For any given torque, dc bus voltage, and motor speed,
there exists torque curve and voltage-limit ellipse. The current
vector producing maximum torque at a given speed is given by
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Fig. 4. Constraints and optimal current trajectory of the proposed control
strategy. (a) Operating range in dg-plane. (b) Operating range in gO-plane.
(c) Operating range in three-dimensional dgO-plane.
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Fig.5. Inductance variation depending on currents (FEM results). (a) L with
ip = 13 Aand 19 A. (b) Ly withiyp = 13 A and 19 A.
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Fig. 6. Constraints and optimal current trajectory of the proposed control
strategy in three-dimensional dg0-plane considering inductance nonlinearity.

the cross point of the current-limit circle and the voltage-limit
ellipse. Different from the conventional i, -fixed control strategy.
The current-limit circle shrinks with the increment of rotational
speed, and it is due to the increment of ¢y. The proposed con-
trol strategy utilizes both the voltage and current constraints in
the whole flux weakening region. The adjustable dc-biased cur-
rent assures a superior flux regulation capability, and the output
capacity is expected to be maximized.
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Fig. 8.

Picture of the experimental setup.

Fig. 4(b) shows the operating range in the gO-plane. The
voltage constraint is the blue ellipse, and with the increment
of rotational speed, the center of the voltage ellipse moves
upward along with ¢y-axis. The current-limit circle shrinks
with the increment of rotational speed, and it is due to the
increment of ¢4. Fig. 4(c) shows the operating range in three-
dimensional dg0-plane. When operating in the flux weakening
region, the optimal current trajectory, which provides the max-
imum output torque, is at the intersection of the current limit
surface and voltage limit surface. At the moment, 757 = #ax and
Us] = Umax- Point B corresponds to the theoretical maximum
speed. With the increment of the rotational speed, the current
trajectory is the black bold line from point A (0.0, 19.0, 13.4) to
point B (9.5, 0.0, 17.8).

B. Inductance Nonlinearity Effect on Three-Dimensional
Current Computation

One difficult problem in the operation of dc-biased-VRM is
that the different combinations of (ig, 44, %) contribute to the
variation in the inductance. The variation in the inductance leads
to the deviation of the optimal current trajectory, and it should
be considered in order to enhance the machine’s performance.

______________________ s

Overall block diagram of the proposed flux weakening control strategy for six-phase dc-biased-VRMs.

Fig. 5(a) shows the finite-element method (FEM) results of
Ly versus —20 A < i3 <0 and 0 <i, < 20A for different
0-axis currents, 79 = 13 and 19 A, respectively. Fig. 5(b) shows
Ly versus =20 A < ig< 0 and 0 <4y < 20A for differ-
ent 0-axis currents, 7o = 13 and 19 A, respectively. The two
figures indicates that the different combinations of (i4, %4, i)
contribute to the variation in the inductance. By constructing
the inductance table, the inductance nonlinearity is reflected in
determining the optimal three-dimensional currents of the flux
weakening control strategy.

Fig. 6 shows the optimal current trajectory considering the
inductance nonlinearity in three-dimensional dg0-plane. The
voltage-limit surface begins to shrink when the inductance non-
linearity is considered, compared with the current trajectory
neglecting inductance nonlinearity (the black bold line from
point A to point B). With the increment of the rotational speed,
the optimal current trajectory moves upward along with the
current-limit surface. The optimal current trajectory consider-
ing inductance nonlinearity is the black bold line from point A
(0.0, 19.0, 13.4) to point B’ (7.7, 0.0, 18.2).

The overall control algorithm of the six-phase dc-biased-
VRM is shown in Fig. 7. Due to the asymmetries in the stator
winding sets and applied voltages, ABC1 and ABC2 winding
groups have independent current regulators [20]. The 0-axis ref-
erence current ig; = —igy = iy, and the 0-axis feedback current
1o is obtained from 74 g1 through rotating coordinate transfor-
mation. The dc-biased current is regulated by adding the op-
posite zero sequence voltage in the two winding groups, and
the zero sequence voltage is determined by the closed-loop cur-
rent controller in the 0-axis. The dg0-axis current references
are generated by the three-dimensional current computation in
Section IV-A, and the inductance values are reflected by the
inductance table in Section IV-B. The armature terminal volt-
age is limited by the blue box in Fig. 7. When the voltage
reference u}, exceeds the maximum voltage umax, the cur-
rent reference ¢ decreases until the output voltage is smaller
than the maximum value. The back electromotive force (EMF)
waveforms of the machine contain plenty of harmonics [28].
Due to the limited ac signal tracking capability, the PI cur-
rent regulator in the synchronous rotating coordinate cannot
eliminate the current distortion caused by the distorted EMF
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(b) Current trajectory in dg-plane. (c) Current trajectory in dg0-plane.

[30]. The dg0-axis currents are regulated by proportional inte-
gral and resonant (PIR) regulators [31].

V. EXPERIMENTAL RESULTS

The effectiveness of the proposed optimal three-dimensional
current computation flux weakening control strategy was vali-
dated experimentally through a prototype 12/10 six-phase dc-
biased-VRM. The parameters of the machine are listed in
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Table II. The picture of the experimental setup is shown in
Fig. 8. The control board is based on TMS320F28335, and
the dc-biased-VRM is driven by a six-phase inverter. The sam-
pling frequency and IGBT switching frequency are both 20 kHz.
The input power is calculated by a Yokogawa WT1800 preci-
sion power analyzer. The output torque and output power are
tested by JN338 torque-speed sensor. The output signal for the
torque-speed sensor is transformed by F/V converter. All the
experimental waveforms are captured from Yokogawa DL850E
multiple-channel oscilloscope.

A. Steady-State Characteristics

Fig. 9 shows the steady-state comparisons between the pro-
posed and conventional flux weakening method. The load is
changed gradually to assure the maximum output torque. In this
way, the terminal voltage reaches the maximum voltage uy,.x at
1500 r/min, and the motor operates in the flux weakening region
above 1500 r/min. Fig. 9(a) shows the current—speed character-
istics. In the conventional control method, see the blue curve in
Fig. 9(a), the 0-axis current is always kept at 13.45 A, and iy
and %, are controlled according to the analysis in Section III
In the proposed control method, the 0-axis current is utilized
as an additional degree of freedom. This provides the potential
of generating higher torque for the dc-biased-VRM. The opti-
mal current trajectory considering inductance nonlinearity is the
black bold line in Fig. 9(a), and the current trajectory neglecting
inductance nonlinearity is the red dotted line. Figs. 9(b) and (c)
show the improvement of the current trajectory in the dg-plane
and three-dimensional dg0-plane, respectively. In the conven-
tional method, when the machine is operating over 2300 r/min,
the current trajectory is only constrained by the voltage limit
circle shown in Fig. 9(b). It restricts the output capacity of dc-
biased-VRMs, compared with the current trajectory neglecting
inductance nonlinearity (the red dotted line). With the increment
of the rotational speed, the optimal current trajectory moves up-
ward along with the current-limit surface, see the black bold
line.

Characteristic curves of the conventional and proposed flux
weakening control strategy are shown in Fig. 10. Figs. 10(a)
and (b) show the output torque and power is enlarged with the
proposed flux weakening control strategy. The output power in
the flux weakening range with the conventional flux weakening
control strategy should be constant if the inductance nonlinearity
is neglected. However, the inductance varies with the current
distribution. The torque command decreases in order to maintain
the armature voltage within wup,s. As a result, the output power
starts to descend in the flux weakening range.

Figs. 10(c) and (d) show the armature terminal voltage-speed
curve and the armature current-speed curve, respectively. All
the three control methods restrict the armature terminal voltage
within the maximum voltage. However, as shown in Fig. 10(d),
in order to maintain the armature voltage within the voltage
constraint, the armature current decreases slightly when operat-
ing with the control strategy neglecting inductance nonlinearity.
Meanwhile, the armature current decreases apparently with the
conventional method above 1700 r/min. The armature current
is not fully utilized with the two methods, only the proposed
method utilizes the armature current at the maximum value.
The proposed method utilizes both the voltage and current con-
straint in the whole operating range, and as a result, the output
capacity is enhanced.
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(c) Voltage-speed curve. (d) Current-speed curve.

Fig. 11 shows the efficiency-speed curve of the dc-biased-
VRM with the conventional and proposed flux weakening con-
trol strategy, including the efficiency of the machine side in
Fig. 11(a), and the overall control system in Fig. 11(b). The
operating efficiency is calculated by the power analyzer and
torque meter every 200 r/min. The efficiency on the machine
is increased by 6.2% with the proposed method at 2900 r/min
in Fig. 11(a). The value for the control system is increased by
5.3% with the proposed method at 2900 r/min in Fig. 11(b).
The efficiency increased with the proposed method in the flux
weakening region. Although the phase current increased with
the proposed method, the energy losses caused by the increased
current are smaller than the increment of the output power.

Fig. 12 shows the experimental waveforms of the proposed
flux weakening control strategy at different speeds. Fig. 12(a)
shows the waveforms at 1500 r/min. The d-axis current is 0 A,
the g-axis current is 19 A, and the 0-axis current is 13.45 A.
The ac component of phases Al and A2 is exactly the same,
and the dc component has the opposite direction. Fig. 12(b)
shows the waveforms at 2500 r/min. The d-axis current is —
6.5 A, the g-axis current is 11.0 A, and the 0-axis current is
16.7 A. The armature voltage w4 stays unchanged at the value
of 20 V, which is within the voltage limit. Fig. 12(c) shows
the waveforms at 3500 r/min. The d-axis current is —7.4 A, the
g-axis currentis 7.5 A, and the 0-axis currentis 17.5 A. Fig. 12(d)
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Characteristic curves of conventional and proposed flux weakening control strategy. (a) Torque-speed curve. (b) Output power-speed curve.

shows the waveforms at 4500 r/min. The d-axis current is —7.7
A, the g-axis current is 5.7 A, and the 0-axis current is 17.8 A.
The armature voltage also remains unchanged.

B. Dynamic Characteristics

Fig. 13 shows the experimental results of the conventional and
the proposed method under the same load. The motor operates
with the conventional method at first, and the load torque reaches
the maximum value of the conventional method. The transition
of the proposed method occurs at the dotted line. Fig. 13(a) and
(b) shows the waveforms at 2500 and 3500 r/min, respectively.
After the transition of the proposed method, the armature ter-
minal voltage decreased, and it is within the voltage constraint.
The output torque has the ability continue to increase, and the
proposed method has better output capacity.

In Fig. 14, the experiments of the conventional method and
the proposed method were performed with motor speed acceler-
ation from 0 to 4500 r/min. The process includes transition from
the constant torque region to the flux weakening region at the
speed of 1500 r/min, also known as the base speed. The speed
reference is given by a ramp function, and the motor is accel-
erated with the maximum torque in the flux weakening region.
Fig. 14(a) shows the experimental results of the conventional
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Fig. 13.  Experimental results of the conventional and the proposed method
under the same load. (a) At 2500 r/min. (b) At 3500 r/min.

method. The voltage limit shrinks with the increase in the mo-
tor speed. 79 remains unchanged, and the required ¢, is getting
smaller. Then, the optimal current trajectory is on the MTPV
line. 74 is fixed at —7.1 A and ¢, is getting smaller to maintain the
voltage constraint. Fig. 14(b) shows the experimental results of
the proposed method. The current vector is controlled to follow
the cross point of the current-limit circle and the voltage-limit
ellipse above the base speed. With the increment of the rotor
speed, the required i is getting larger, iq and i, are getting
smaller gradually until the motor speed reached its maximum
value. The output torque was more than 32% continuously by
utilizing the proposed algorithm.

The summary of the output torque increment with the pro-
posed flux weakening control strategy is shown in Table I.
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Fig. 14. Comparisons between the conventional and the proposed method
from standstill to 4500 r/min. (a) Conventional method. (b). Proposed method.

TABLE 1
SUMMARY OF THE OUTPUT TORQUE INCREMENT IN THE
FLUX WEAKENING REGION
Rotational Output torque (Nm) Torque
speed increment
(rpm) Conventional Proposed (%)
method method
1500 2.16 2.16 0.00 %
2000 1.64 1.88 14.63 %
2500 1.26 1.55 23.02 %
3000 1.02 1.30 27.45 %
3500 0.80 1.09 36.25 %
4000 0.74 0.97 31.08 %
4500 0.58 0.77 32.76 %
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Taking the output torque at 3500 r/min, for example, the out-
put toque is 0.80 N-m when operating with the conventional
method. The value increased to 1.09 N-m with the proposed
method. The output torque increased 36.25%. Hence, the ap-
proach presented in this paper effectively enhances the output
capacity of the dc-biased-VRM in the flux weakening region.

VI. CONCLUSION

This paper presents a control strategy that maximizes the out-
put torque in the flux weakening region for dc-biased-VRMs.
Compared with the conventional method, which uses the fixed
0-axis current, the proposed method utilizes the 0-axis current
as the additional degree of freedom, and the current trajectory
is transformed from the dg-plane into the three-dimensional
dq0-plane. The voltage limit ellipse changes its profile depend-
ing on the 0-axis current, and its intersection with the current
limit circle will be a candidate solution in the three-dimensional
dq0-plane. The optimal three-dimensional current distribution
is calculated by a Lagrange function, and it is dependent on L,
and Lg. The inductance nonlinearity is reflected by constructing
the inductance table. The algorithm provides maximum torque
capability and high efficiency for dc-biased-VRMs despite the
changes in inductance parameters in the flux weakening region.
The validity of the proposed algorithm is verified by experimen-
tal results for steady and dynamic operations. It is proven that
the proposed method can achieve the purpose of enhance the
output ability, and effectively improve the efficiency at the same
time.

APPENDIX
TABLE II
PARAMETERS OF THE PROTOTYPE DC-BIASED-VRM
Parameters Symbol | Values
Stator slot number ns 12
Rotor slot number nr 10
Stator outer diameter (mm) 124
Axial length (mm) 105
Phase resistance (€2) Rs 0.044
Stator inductance («H) Ly 596.3
0-axis inductance (¢«H) Lo 317.1
Maximum current (A) Imax 19
Maximum voltage (V) Umax 20
Base speed (rpm) Nbase 1500
Output power (W) Py 345
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