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An SVPWM Strategy With Extended Linear
Modulation Range for Dual Three-Phase Machine
Drives Under Unbalanced Power Sharing Conditions

Xiaochen Ma"”, Bin Li

Abstract—In this article, a new space vector pulsewidth modu-
lation (SVPWM) strategy is proposed for dual three-phase (DTP)
machine drives. The proposed strategy is based on vector space
decomposition (VSD) and mainly targets the scenario where power
of the two subthree-phase winding sets of the machine is unequal.
In the basic VSD-based SVPWM strategies, the constraints of non-
negative dwell time of the basic vectors result in zero linear mod-
ulation range when the DTP machine is under unbalanced power
sharing conditions. Different from them, this article investigates
the maximum linear modulation capability of VSD-based SVPWM
under power sharing by removing the dwell time constraints of
the basic vectors. In this regard, only the physical limitations of
the dwell time of each phase need to be guaranteed. According to
this principle, a two-step-based design procedure of the proposed
modulation strategy is presented in detail, followed by a numerical
analysis regarding its linear modulation boundary. Moreover, the
performance comparisons with many other typical VSD-based
SVPWM strategies are also conducted. It has been theoretically
and experimentally proven that the proposed SVPWM solution can
obtain maximum linear modulation range when the DTP machine
is under unbalanced power sharing.

Index Terms—Dual three-phase machine, linear modulation,
power sharing, space vector pulsewidth modulation, vector space
decomposition.

1. INTRODUCTION

ULTITHREE-PHASE machines that possess multiple
M subthree-phase winding sets exhibit outstanding merits,
such as reduced current ratings, lower torque ripples, higher
control flexibility, as well as enhanced fault-tolerant capabil-
ity over their conventional three-phase counterparts [1], [2].
Nowadays, they have already played a crucial role for appli-
cations in wind generations, electric propulsion systems, and so
on [3], [4].
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In multithree-phase machine drives, an interesting feature
is to control the current in each subthree-phase winding set
independent of that in other subthree-phase winding sets, which
is hereinafter referred to as “power sharing”. First, for series-
connected bus structure, utilizing the unbalanced power of dif-
ferent subthree-phase winding sets of the machine can com-
pensate for the imbalance of bus power, thereby achieving bus
voltage equalization [5], [6]. Second, when different subthree-
phase winding sets of the machine are fed by independent energy
sources, the power sharing control of machine can result in
the power regulation among different energy sources. Hence,
in addition to realizing the inherent electromechanical energy
conversion function of machine, it can also be regarded as
an effective way to achieve optimal energy management in
multiple energy sources system without the need for additional
power converters [6], [7], [8]. Third, by setting half of the
subthree-phase winding sets to the motoring state and the re-
maining subthree-phase winding sets to the generation state, the
active power can be circulated among different subthree-phase
winding sets, thus achieving load testing without the need for
additional load machine [9], [10]. From the potential values of
the abovementioned three aspects, it can be seen that the research
on power sharing control for multithree-phase machine drives is
of great significance.

For multithree-phase machine modeling, multistator (MS)
and vector space decomposition (VSD) are two representative
methodologies [11]. In MS model, the standard three-phase
Clarke and Park transformations are applied to each subthree-
phase winding set individually. Hence, the power sharing in-
formation of the machine is intuitive. Nonetheless, there is an
issue of magnetic coupling among different winding sets in
this model, which may lead to potential instability [12]. On
the contrary, VSD is a decoupled modeling method due to the
introduction of several mutually orthogonal subspaces (i.e., fun-
damental subspace and harmonic subspaces) [13]. As a result,
stability and robustness of the drive system can be promoted
[12]. Under VSD modeling, the mechanism to achieve power
sharing of multithree-phase machine has also been recognized
[6], [14]. Specifically, the unbalanced power among different
subthree-phase winding sets can be regulated by setting appro-
priate reference currents/voltages in each harmonic subspace,
while the reference currents/voltages in fundamental subspace
reflect the total power production.
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Relying on the advantages of VSD, currently, various types
of VSD-based space vector pulsewidth modulation (SVPWM)
strategies have been studied for dual three-phase (DTP) ma-
chine drives. The VSD-based four-active-vector-type (VSD-4V)
SVPWM is widely employed to deal with the DTP machines
with two isolated neutral points. According to the vector length
difference in fundamental subspace, options for selecting such
four active vectors include the 4L method [13], the 2L+2ML
method [15], some 2L+1ML+1M methods [16], and some
3L+ 1M methods [16], [17], where L, ML, and M represent large
vector, medium-large vector, and medium vector, respectively.
These specific implementation methods of VSD-4V SVPWM
have characteristic differences within the switching cycle, but
the linear modulation ranges are completely the same [16], [17],
[18]. In addition to the basic VSD-4V SVPWM, many modi-
fied VSD-based SVPWM strategies have also been explored to
suppress the common-mode voltage [19], reduce the harmonic
distortion factor [20], PWM current harmonics [21], or address
the issues caused by unbalanced dc bus voltages [22].

Regarding all the aforementioned VSD-based SVPWM
strategies, a common feature is that the amplitude of the ref-
erence voltage vector (RVV) in harmonic subspace is zero.
However, in the case of harmonic suppression, this is not the
optimal solution since nonzero harmonic injection is often re-
quired to offset the original harmonic components [23], [24],
[25]. Thus, it is best for the SVPWM to have linear modulation
capability of nonzero RVV in harmonic subspace (i.e., not only
in fundamental subspace). Unfortunately, as analyzed in [26],
once the amplitude of the harmonic subspace RVV becomes
nonzero, the basic VSD-4V SVPWM will have zero linear
modulation range. To compensate for this deficiency, the idea
of splitting the modulation into two independent stages per
PWDM cycle is proposed in [25]. Specifically, the first modulation
stage selects four active vectors to synthesize the nonzero RVV
in fundamental subspace, while the second modulation stage
reselects four active vectors to synthesize the nonzero RVV in
harmonic subspace. Thanks to the complete decoupling of the
two stages, both subspaces can achieve linear modulation under
nonzero RVVs. Nevertheless, the doubled modulation stage in
this approach leads to undesired multiple switching. To avoid
such issue, in [26], an optimization method is further provided
by generating the equivalent single pulse for each inverter phase
within a PWM cycle. In summary, owing to the capability in
linearly modulating nonzero RVVs in both fundamental and
harmonic subspaces, the two-modulation-stage-based SVPWM
strategies proposed in [25] and [26] are good candidates for DTP
machine drives with harmonic regulation requirements.

As aforementioned, unbalanced power sharing of the DTP
machine can be achieved by setting nonzero voltage commands
in both fundamental and harmonic subspaces. Therefore, in
essence, as long as the SVPWM strategy can achieve nonzero
RVYV linear modulation in both subspaces (such as those in [25]
and [26]), it can be then applied to power sharing conditions.
Nonetheless, with regard to the existing SVPWM techniques
and their corresponding analysis, two main problems can still
be found as follows.
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1) For VSD-based SVPWM strategies with nonzero RVV
modulation in both fundamental and harmonic subspaces,
whether the linear modulation range can be further ex-
tended is not clear.

2) Although power sharing control and harmonic regulation
both belong to nonzero RVV modulation in fundamental
and harmonic subspaces, there are still significant differ-
ences in frequency feature of the harmonic subspace RVV
in these two scenarios. Due to neglecting the impact of
RVYV frequency feature, conventional methods for solving
the linear modulation boundary in harmonic regulation
scenario will not be suitable for evaluating the real linear
modulation boundary in power sharing control scenario.

To this end, aiming at DTP machine drives, a new SVPWM

strategy suitable for power sharing conditions is studied in this
article. The main contributions of the proposal are as follows.

1) A new modulation method based on allowing negative
dwell time of the basic vectors is proposed for VSD frame-
work. By this way, the achievable direction of nonzero
vector synthesis becomes arbitrary, thereby creating the
capability of nonzero RVV linear modulation in both
fundamental and harmonic subspaces.

2) When nonzero RVV exists in both fundamental and har-
monic subspaces, a more accurate method for solving the
linear modulation boundary is investigated. Different from
the conventional analysis methods, the proposed method
fully considers the frequency feature of the RVYV, thereby
excavating more potential regions for achieving linear
modulation.

3) Compared with the existing SVPWM strategies that
also have nonzero RVV linear modulation capability in
both fundamental and harmonic subspaces, the proposed
SVPWM strategy can achieve maximum linear modula-
tion range under unbalanced power sharing conditions.

The rest of this article is organized as follows. Section II ana-

lyzes the model and vector features of DTP machine drives under
power sharing. In Section III, the design idea of the proposed
strategy and the analysis of its linear modulation boundary are
demonstrated, followed by the comparisons with many other
strategies. Experimental results are presented in Section IV.
Finally, Section V concludes this article.

II. MODEL AND VECTOR ANALYSES OF DTP MACHINE
DRIVES UNDER POWER SHARING

A. Model of DTP Machine Under Power Sharing

Fig. 1 shows the studied drive system, where the machine
has two subthree-phase winding sets (ABC and DEF) with 7/6
spatial shift angle [12]. By the VSD transformation matrix in
[27], the phase variables of the DTP machine can be mapped into
three orthogonal subspaces, namely a3 subspace, xy subspace,
and o102 subspace. For the studied machine, 0102 subspace can
be ignored due to isolated neutral points.

To analyze power sharing of DTP machine, by applying the
0 and 7/6 phase shifted Clarke transformation matrices in [27]
to ABC and DEF sets, respectively, the relation between VSD
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Fig. 1.

Voltage source inverter fed DTP machine drive system.
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Fig.2.  Current vectors iy 1 g1 and iy 2 g2 under power sharing. (a) i, 151 and
in2p2 are aligned. (b) in131 and iq 282 are not aligned.

variables and two subthree-phase variables can be obtained as

F.3=0.5(Fqip1+Fa2s2), Fupy=05Fq181—Fa2s2)"

(1
where a151 and o232 denote the stationary reference frame of
the first subthree-phase winding set and second subthree-phase
winding set, respectively; the vector F can be voltage u, current
i, and flux ¢; “*” means complex conjugate operation.

For DTP machine under power sharing, Fig. 2 shows two
different types of current vectors in the first subthree-phase
winding set (i,151) and second subthree-phase winding set
(in2p2)-in181 and i, 22 are aligned in Fig. 2(a), while they are
not aligned in Fig. 2(b). As the total power is solely determined
by the VSD current i, g, the vector sum of i, 11 and i,282 (=
2i,p) needs to remain unchanged (i.e., OA in Fig. 2) according
to (1). Hence, if K;: Ko (K1+K2 = 1) is the required power
sharing ratio of the two subthree-phase winding sets, it means
that the projection ratio of iy151 and i,252 on 0—121 should be
Kli KQ.

Under this premise, Fig. 2(a) and (b) will result in the same
total power and power sharing ratio. However, the amplitudes
ofin181 and iy 22 in Fig. 2(a) are evidently the minimal. Thus,
to achieve power sharing with minimum copper loss, i, 151 and
iy 22 should be controlled as in Fig. 2(a), which yields

10181 = 2K1 - tag, ta2p2 = 2K2 - iag. (2)

From the above analysis, two conclusions can be drawn as

follows.

1) Based on (1), i, will be nonzero as long as i 151 +ia282
for power sharing. Moreover, even under power sharing,
bothi, g1 and i,z g still need to rotate counterclockwise
at the fundamental frequency to achieve circular rotational
magnetomotive force (MMF). So, (1) indicates that i,g
and i, will rotate at the fundamental frequency, but their
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Fig. 3.  RVVs of DTP machine drives under power sharing. (a) o3 subspace.
(b) xy subspace.

directions are counterclockwise and clockwise, respec-
tively.

2) If power sharing is expected to be achieved with minimum
copper loss, by combining (1) and (2), the nonzero iy,
should further have the following features:

x = (Kl - K2)7;a7 Zy = (_Kl +K2)16 3)

B. RVVs Under Power Sharing

As analyzed in Section II-A, no matter minimum copper loss
is required or not, both i,g and i, will be nonzero under power
sharing. To realize the required rotation features of i, g and iy,
the RVV in a3 subspace (u,ret ) and the RVV in xy subspace
(uref) should also be nonzero and rotate at the fundamental
frequency we, With their directions being counterclockwise and
clockwise, respectively.

Fig. 3 shows the RVVs in both o and xy subspaces under
power sharing. To describe the phase relationship of uret (phase
angle is 9ref) and uret (phase angle is 9““") the phase angle
difference (constant Value) can be 1ntr0duced as

(eref + gref) (4)

Subsequently, us', us', uis, and ui" can be represented as

ref __ ref . pref ref __ ref ret
Ugy Hu ’cos@a/j, ug = ||ugg| sindg
ref __ ref ref ref __ ref re
uy = Hu ‘cos (O +7), uy = Hu ’sm Oy —l—’y)

(&)

C. Model of DTP Voltage Source Inverter

The DTP inverter presented in Fig. 1 is responsible for
modulating the RVVs in «f and xy subspaces. The voltage
of both dc buses is Ug.. Under VSD model, the DTP inverter
generates totally 2 = 64 basic vectors, including 60 active
vectors and four zero vectors. The active vectors can be clas-
sified into four categories with lengths of 0.6440U4. (large,
L), 0.4714U4. (medium-large, ML), 0.3333U4. (medium, M),
and 0.1725U4. (small, S). Fig. 4 shows the distribution of the
basic active vectors in «/3 and xy subspaces. All vectors are
represented by the equivalent decimal numbers of the 6-bit
binary numbers “SypSpSpScSpSa”, where Sa,..., Sp are the
switching states (1: upper switch is ON, O: lower switch is ON) of
phases A, ..., F, respectively. The black labels 1—12 represent
the sector numbers N, g and N, of o3 subspace and xy subspace,
respectively.
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Fig.4. Basic active voltage vector distribution of DTP voltage source inverter.
(a) aB subspace. (b) xy subspace.

,3 Realizable 13 Y
vector
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directions
1 3 ref
Uy 41
(a) (b)

Fig. 5. Vector synthesis of the basic VSD-4V strategy when 0;52: —7/12.
(a) aB subspace. (b) xy subspace.

III. PROPOSED VSD-BASED SVPWM STRATEGY
A. Basic Idea

Aspointed outin Section I, the basic VSD-4V SVPWM strate-
gies do not have nonzero RVV linear modulation capability in
harmonic (xy) subspace. By taking the 2L.+2ML vector selection
method as an example, the specific vector synthesis feature of
the basic strategy can be analyzed in Fig. 5. When 9%: —n/12,
the four active vectors 43, 9, 41, and 13 should be selected. Due
to the non-negative constraints of the vector dwell time, one can
find from Fig. 5(a) that the dwell times of vectors 43 and 9 need
to be zero to synthesize ugfg Thus, as indicated in Fig. 5(b), the
achievable vector synthesis directions in xy subspace are only
the directions of vectors 41 and 13. If the actual direction of uff{l
is not consistent with the vectors 41 or 13, then the modulation
of urt"‘{} will fail.

From the abovementioned analysis, one can consider that
the reason for modulation failure in xy subspace is the lack of
capability to synthesize nonzero vector with arbitrary directions.
Hence, the main objective of this article is to find a way to
broaden the feasible direction of the nonzero vector synthesis in
Xy subspace.

Still taking Hfg: —m/12 as the example, the basic idea
of the proposed SVPWM strategy is demonstrated in Fig. 6.
Different from the conventional principle, this article removes
the non-negative constraints of the vector dwell time. Thus, as
depicted in Fig. 6(a), it can be considered that the candidate
active vectors include not only the original vectors 43,9, 41, and
13, but also their opposite vectors 20, 54, 22, and 50 if negative
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Fig. 6.  Vector synthesis of the proposed strategy when Ggg: —7/12. (a) o
subspace. (b) xy subspace.

dwell time occurs. In this case, the RVV in af subspace (uraeg)
can be synthesized by various dwell time combinations from
these eight vectors (dwell times of vectors 43, 9, 20, and 54 can
be nonzero as long as these vectors do not produce components
perpendicular to u‘;fﬁ) Consequently, as shown in Fig. 6(b), the
achievable vector synthesis directions in xy subspace have more
selectivity.

Furthermore, it is worth noting that the proposed strategy
without non-negative dwell time constraints still only needs to
select four original basic vectors (e.g., vectors 43, 9, 41, and 13
when —7/ 12§9f§g <7/12) by the sector judgment on ug’g When
the calculation shows that the dwell time of an original vector
should be negative to synthesize we; and wfy, applying the
negative dwell time to the original vector is equivalent to apply-
ing the same positive dwell time to the corresponding opposite
vector. Therefore, the proposed strategy can be achieved without
changing the dwell time expressions of the basic vectors. As a
consequence, in practical implementation, the toggling point of
applying either the original vector or the opposite vector does
not require prior judgment.

B. Design Procedure of the Proposed SVPWM Strategy

In light of the potential advantages by allowing negative dwell
time of the basic vectors, a two-step-based design procedure is
presented in this section to form the complete version of the
proposed SVPWM strategy.

1) Step-1: Cancel the Non-Negative Dwell Time Constraints
of Each Basic Vector: This step selects two L active vectors
and two ML active vectors in a8 subspace adjacent to ug’g
as the starting point. The two original selected ML vectors are
defined as Uy and Ury in this article, while the two original
selected L vectors are defined as Uy; and Uppp. For instance,
when 77r/12§0‘0f[f3<7r/12, based on Fig. 6(a), Uy, Uyy, Ury1, and
Uy are vectors 43, 9, 41, and 13, respectively. According to
volt-second principle, the dwell times of Ur—Ury (T1—T1v)
and the dwell time of zero vector (7,..,) can be calculated
by

Uw Una Una Uwva 0 | T1 g’

Upg Ung Umng Uwg 0| | Tn ug’;

Uz Une Une Uwve O | T | =Tpwm |ug | (6)

Uy Uny Uny Uy 0 | Thv ugj’f
1111 1| | T 1
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where Tpw is the PWM cycle; Uy, Uig, Uy, and U,y are the
projections of U; (i = I, II, III, IV) on a-, /-, x-, and y-axis,
respectively.
When uref lies in the first sector of a3 subspace (i.e., Nog
77/12<é)re <7/12), by labeling wg', uls', uls', and us" as

ref ref f
U _s1» uﬂ s> ux sl and u

can be given as

ref

y_sl> TIV and Tzero

respectively, 71—

ref ref
TI  /3Tewn (2 - \/g) o? sl + u[g sl
= St
2 (2 + \[) ffﬂ lg‘;efsl
T V3Trwn (\/g - 1) gfsl ( + f)u%etsl
= Use re; re
L VB (VB Dt
T NE (\/g - 1)“’2{51 - (1 + \[)urﬁefsl ]
I = o7 re re
‘ +(1 + \/7) mfbl (\/g - 1)uyfsl
- (2 - \/g)ulzfsl - urgfsl
T'IV - @ZE‘CVM ref ref
(2 + f) Uy 51 y sl
Tzero = TPWM |:]- - i(ugjfsl - ula-lcefsl):| .

(7

For uﬂfg in any sector 1-12 of a3 subspace, according to the

vector distribution shown in Fig. 4, T1, T11, T111, Trv, and Tyero
can be obtained by substituting (8) into (7)

ul' o = us cos[(Nap — 1) - £] + ufs' sin[(Nag — 1) - 5]
ref

uf'y = —ul'sin[(Nag — 1) - 5] + ul§' cos[(Nag — 1) -
us' ) = s cos[(Nag — 1) - 5] 4wt sin[(Nop — 1) -

z_sl
—u sin[(Nag—1) - 3 ]+us cos[(Nag—1) - 2F].
®)

By taking [[ulss|| = 0.4U4c, [lufy]l = 0.15Uqc, and y = 7/4
as an example, F1g 7 shows the resulted T1—Trv and T,er by
Step-1. The vector angle 05 of s} is ranged from 0 to 2 rad.
As can be seen, except for Zero vector, all active vectors exhibit
negative dwell times within a partial interval of Gfg

Compared with the conventional SVPWM, another signif-
icant difference occurred by Step-1 is that the dwell time of
each vector no longer varies periodically in each N,z sector.
Instead, the periodic variation of the vector dwell time is only
reflected within the odd sectors (N,5 = 1, 3, ..., 11) or within
the even sectors (Nog = 2,4, ..., 12). InFig. 7, T ¢, of the even
N, p sectors is lower than that of the odd sectors, so the even
sectors represent the high modulation depth stage, while the
odd sectors are the low modulation depth stage. In this regard,
a more detailed analysis will be explained in Section III-C.

2) Step-2: Average the Dwell Time of Center Zero Vector and
Edge Zero Vector: After obtaining T1—T1v and T, through
Step-1, this step considers the generation of the dwell times
Ta-Tr of phases A-F (upper switches). Conventionally, the
relationship between T; (i = A, B, C, D, E, F) and T1—T1v
and T, can be shown as

&l
%]

ref  __

uyfs 1 —

Ti=T1- S+ T Sui+ T - S + Tiv - Stv_i + Thero/2

)
where St i, S11_s, St11_i, and Sty _; are the switching states S; (=
1 or 0) of the basic vectors Uy, Urr, Urrr, and Ury, respectively.
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Fig. 7. T1—Trv and Tyero against Hgfﬁ under ||uref || = 0.4Uq4c, ||uref | =

0.15U4c, and v = 7/4 after Step-1.

edge zero vector Tero cdge
center zero vector

edge zero vector Ter cdge
center zero vector
\ T, zero_center )

T, zero_center )

N 4 s = M I | ~==___1
N SRS | SE—— S E—
5 C *wrlappmg overﬂo|x;_|
Sopd ___ L ___ | D L
O — | I S ) S I ) —
soed L [N S— | —
= TPWM > ~ TPWM >
(a) (b)
Fig. 8. Switching sequence of Ta~Tr under [[ufSy|| = 0.4Uac, [lufyll =

0.15Uqc, and y = 7/4. (a) O%s}y= 0. (b) 1= 7/3.

In conventional strategies, due to the non-negative 71771y, the
above method for determining 74—TF can ensure equal dwell
time of center zero vector (7,ero_center) and edge zero vector
(T yero_edge)- However, since T1—Tty may be negative after Step-1
of the proposed design, it will lead to unequal T,¢;o_center and
Tero_edge- As a more detailed explanation, based on the same
conditions as Fig. 7(i.e., [[ulsh|| = 0.4Uqc, [[usy [| = 0.15U4c, v =
m/4), Fig. 8(a) and (b) shows the switching sequence of Tho—TF
obtained by (9) when 0= 0 and 0, = /3, respectively. As
can be seen, in Fig. 8(a), since the r1smg edge of S¢ lags behind
its falling edge, it results in positive Tero cdge bUt negative
Tero_center- On the other hand, in Fig. 8(b), since the high-level
duration of Sp exceeding Tpw, itresults in positive T,ero_center
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L] - with allowed by (9) TA'-T¢'") by
Selection | | eoative values (10)
of U—Uy
\_Step-1: vector dwell time design ) \ Step-2: phase dwell time design )

Fig. 9. Flowchart of the proposed SVPWM strategy.

but negative T,cro edge- In both cases, due to the inability to
ensure that the dwell time of all phases is within [0, Tpwwm],
the corresponding switching sequences cannot be achieved in
practice. In other words, at relatively high modulation depths,
even if Tyero (= Thero_center+71 zero_edge) €an be always positive,
modulation failure may still occur due to negative 7,ero center
or negative Tyero_edge-

Fortunately, as long as Ty,ero (= Tyero_center+7Tzero_edge) 18
non-negative, such modulation failure can be avoided by further
optimizing Tero_center AN Tyero_edge- Specifically, if T, >0,
one can set Tyero_center = Tzero_edge = 0.5T4er0 >0 to ensure the
dwell time of each phase is in an achievable state. To realize this,
the dwell times of phases A—F should be adjusted accordingly.
In detail, the dwell times T -Tr’ of each phase adjusted by
this step can be obtained through (10) to realize 7 er0_center =

Tzcro_cdgc

T]/ — T7 + (TPWM — maX{TA; Ts, TC}
—min{Ta, Tg, Tc}) /2

Ty, = T + (Tpwm — max{Tp, Tx, Tr}
—min{Tp, Tx, Tr}) /2

where j = A,B,C,and k=D, E, F.
Finally, Fig. 9 displays the complete flowchart of the proposed
SVPWM strategy.

(10)

C. Linear Modulation Boundary of the Proposed SVPWM
Strategy

This section conducts an analytic analysis for the linear mod-
ulation boundary of the proposed SVPWM strategy under power
sharing. As u“’g and u“"lfl are both nonzero vectors under power
sharing, two modulation indices M3 and M, can be introduced
to reflect the modulation depth of a3 subspace and xy subspace,

respectively. Their definitions are as follows:

ref

[ 1
Mypg = , M.

T U2 T U2

According to the aforesaid design procedure, it can be known

from Fig. 8 that non-negative T,ero_center aNd Tero_cdge are the

preconditions for achieving linear modulation. Therefore, on the

basis of (10), the linear modulation boundary of the proposed

strategy corresponds to the case where the minimum value of
T,ero 1s equal to 0.

an
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For solving linear modulation boundary, the general approach
is based on [} and |[uls, ||, ensuring that the global minimum

value of Ty, is equal to 0 when 6% and fo; both vary from
0 to 27. Essentially, such method only considers the amplitude
relationship between u“”f and u‘gf'é In fact, however, without
considering the factors such as the frequency relationship be-
tween uret anduff/, it may not obtain the most accurate results.

For a more detailed explanation, Fig. 10 shows the effect

of wlf) rotation frequency on Ty, under constant |luh|| and

zy
[ (||uref | = 0.4U4c, [ufsy]l = 0.15Uqc). First, Fig. 10(a)
shows the T,.,, when u“"f rotates with Sw, under two different
phase angles . As seen the influence of different vy on the
minimum value of T, is negligible. Next, Fig. 10(b) shows
the T,ero When umf rotates with the fundamental frequency w,
under the above angles Compared with those in Fig. 10(a),
it can be seen that the minimum value of 7, is now changed
with v significantly. This means that even if [|usy|| and [|ufs, ||
remain constant, the lower the RVV rotational frequency, the
more diverse the linear modulation capability may be.

Hence, to more accurately find the linear modulation bound-
ary, it is vital to consider the frequency and phase relationship of
each subspace RVV. With (5), (7), (8), and (11), the expression
for T,ero considering all these factors can be derived as

Tzero = TPWM

2\ —M,, cos[(@ref +79)+ (Nozﬁ - 1)%] .
(12)

Equation (12) can be regarded as the analytical form of T,e.0
shown in Fig. 7. As intuitively seen from Fig. 7, T,e,c 1S incon-
sistent between odd N,g and even N,g. Fig. 11 illustrates the
reason for such phenomenon. First, when ureg isin the first sector

of a8 subspace (Nog = 1), Fig. 11(a) shows the distribution
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Fig. 11. Distribution of different zones in xy subspace when u‘zf isin different

sectors (Nqg) of a3 subspace. (a) Nog = 1. (b) Nog = 2. (¢) Nog = 3.
() Nop =4.

of the eight candidate active vectors of the proposed SVPWM
strategy in xy subspace. Taking these vectors as boundaries, the
xy subspace can be divided into three zones, namely Zone-I
(brown), Zone-II (blue), and Zone-III (white). Followed by the
same principle, when N, is equal to 2, 3, and 4, distribution of
the corresponding three zones in xy subspace can be obtained,
as shown in Fig. 11(b), (c), and (d), respectively. As can be seen
from Fig. 11(a)-(d), as long as N increases by 1 (AN.g = 1),
the sectors of Zone-I, Zone-II, and Zone-III in xy subspace all
decrease by 7 (ANgy_zone = —7). However, when N, 3 increases
by 2 (ANyg = 2), ANyy zone becomes to —2.

The reason for dividing such zones in xy subspace based on the
candidate vectors is that different zones use different types of
vectors for synthesis, thereby leading to different modulation
depths. As analyzed in Fig. 3, uls; and uf, have the same
rotation frequency, but their rotation direction is opposite. Thus,
under any N,g, only AN,y zone = —/AN,g can ensure that the
types of vectors for xy subspace synthesis remain unchanged.
The ANyy 7one = —2 obtained from Fig. 11 for AN,g = 2
satisfies this condition, but ANy zone = —7 for ANyg = 1
obviously does not. So, it means that there are two kinds of
modulation depths in xy subspace, reflected, respectively, when
N,p is odd and even. And it is also the reason why the dwell
time of each vector shown in Fig. 7 cannot vary periodically
in each N,z sector. Due to this unique feature, to calculate the
linear modulation boundary, it is necessary to judge the N,z
(odd or even) of u[jfﬁ when uls} is located in the zone with
higher modulation depth. Such task depends on the position
relationship between uggand uffé which can be reflected by
the phase angle ~. Thus, when ur;’; is located in the zone with
higher modulation depth, the type of N, (odd or even) can be
evaluated by ~, and the final conclusion can be provided as

if v € [Z,37), then N,s = odd
{ Y [2 ) 8 (13)

2
ifye[0,3)uU [37“, 27), then N,z = even.
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TABLE I
LINEAR MODULATION BOUNDARY OF THE PROPOSED SVPWM STRATEGY

Angle ranges of y Boundary curves of linear modulation
y=0orm MHI,+MXV—2/\/§=0
F(My M, 7)-2/3=0, M, <M,
reODUET) 70, M)+ 2INE=0 My > M,
My=M_=1/(\3sinz), M,=M,
F(My M) +2/3=0, M, <M,
yelzm S(My M 7)=2/3=0, M, >M,
M, =M, =1/(\BsinZ), M,=M,
f(My M, 7)-2/B3=0, M,<M,
ye[égﬂn) S(My M) +2/3=0, M, >M,

My,=M,=-1/(\Bsinz), M,=M

Xy

By relying on the periodicity in each odd N, sectors and the
periodicity in each even N, g sectors, one can only analyze N,z
= 1 and N,g = 2 for simplicity. Therefore, by combining (12),
(13) and letting the minimum value of 7., equal to 0, the linear
modulation boundary of the proposed SVPWM strategy can be
obtained based on the specific ranges of . The detailed results
are listed in Table I. The function f (Mog, My, 7y) is

f(Ma,By My, 7)

Mg + M,
=M, 4 t —F Y tanZ
gcos{ + arctan (Mxy—Maﬁ an )]

Maﬁ + Mmy
———tan/ 14
My — Mag " >} (1

— My, cos [Z — arctan (
where Z = v/2+(Nog-1)-7/2; and Nog (= 1 or 2) can be
determined by (13) according to the specific angle of .

Based on (14) and Table I, Fig. 12(a) exhibits the linear
modulation boundary of the proposed SVPWM strategy with
~ ranging from O to 2. Besides, Fig. 12(a) also shows the
linear modulation boundary obtained without considering the
frequency feature of the RVV. As a partial view, the two-
dimensional cross-sectional images by Fig. 12(a) at v = n/4
and v = 7/2 are shown in Fig. 12(b) and (c), respectively. From
Fig. 12(a)—(c), three conclusions can be drawn as follows.

1) For power sharing scenarios, due to the reduced frequency
of the RVV in xy subspace (fundamental frequency) com-
pared with harmonic regulation scenarios, considering
the RVV frequency feature can effectively excavate more
regions where the proposed strategy can achieve linear
modulation.

2) After considering the RVV frequency feature, different
~ angles result in different degrees of linear modulation
range expansion, but the most obvious expansion regions
are all around Mg = M.

3) The maximum achievable linear modulation range of the
proposed SVPWM strategy corresponds to v = n/2 or
3m/2.
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Fig. 12.  Linear modulation boundary of the proposed SVPWM strategy. (a)
Overall perspective. (b) Cross section at v = 7/4. (c) Cross section at v = 7/2.

D. Comparisons With Other VSD-Based SVPWM Solutions

In this section, the basic VSD-4V SVPWM strategies and
the two-modulation-stage-based SVPWM strategies presented
in [25] and [26] are considered for comparisons.

1) Comparison of Linear Modulation Range: As a fair
premise, the RVVs in o and xy subspaces for all compared
strategies are considered to rotate at a constant speed along a
circular trajectory, so as to achieve circular rotational MMF [i.e.,
the RVVsin a8 and xy subspaces should have the characteristics
in Fig. 3 and (5)].

For the basic VSD-4V SVPWM strategies in [13], [15], [16],
and [17], due to the constraints of non-negative dwell time of
the basic vectors, all of them suffer from zero linear modulation
range if the RVV amplitude in xy subspace is nonzero. For the
strategy in [25], due to the split of modulation in o3 subspace
and xy subspace, its linear modulation boundary is determined
by the non-negative T, in each modulation stage, and the final
result can be given as

Mg + My, —2/V/3=0. (15)

Different from [25], [26] considers T,¢,, from the complete
PWM cycle. This will slightly help to extend the linear modula-
tion range, because it is only necessary to ensure non-negative
T,ero in the whole PWM cycle (no need to further ensure that
T,ero Of each modulation stage is non-negative). By means of
the analysis method in Section III-C, the linear modulation
boundary of the SVPWM strategy in [26] under power sharing
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Fig. 13. Linear modulation boundary comparison of different VSD-based
SVPWM strategies under power sharing when v = 57/12.

can be derived as

M

M. —
M, Yy t Hay 7 Faf Ly
3 COos [ + arctan (Maﬁ L, an >}

Macy_MaB ):l 2

—————tanY || +—==0

Map + Mry \/?:
(16)

where Y = ~/24-floor(12.5-6y/m)-7w/12. From (16), it can be
further proven that the maximum linear modulation boundary
corresponds to ¥ = 7/12+k-7/6, where k =0, 1, ..., 11.

Based on Table I and (14)—(16), Fig. 13 graphically compares
the linear modulation boundaries of different SVPWM strate-
gies. 7y is chosen to be 57/12. As seen, even though v = 57/12
corresponds to the maximum linear modulation capability of
the strategy in [26], the linear modulation range only slightly
improves compared with that in [25]. For the proposed strategy,
although v = 57/12 does not correspond to its maximum linear
modulation capability, the improvement over the strategies in
[25] and [26] is still prominent.

On the other hand, if M, in (14)-(16) are all equal to O (i.e.,
balanced power sharing), then all strategies will have the same
linear modulation boundary as follows:

Meas =2/V3, M,, =0.

+ My, cos {Y — arctan (

a7

2) Comparison of Computational Burden: For the basic
VSD-4V strategies, the four active vectors depend entirely on
u‘;g, so sector judgment only needs to be performed in af8
subspace. Then, based on five calculations of vector dwell time
(four active vectors plus 1 zero vector) and six calculations of
dwell time for each phase A-F, the operation task is completed.

For the strategies in [25] and [26], the doubled modulation
stages mean almost all operations of the basic VSD-4V strategies
need to be doubled. The only difference is that 7., only needs
to be calculated once in [26], while it requires twice in [25] due
to the split PWM cycle.

For the proposed strategy, even if there are a total of eight
candidate vectors (four original vectors and four nonoriginal
vectors) in a modulation cycle, the four nonoriginal vectors are
equivalent vectors under negative dwell time of the four original
vectors. Thus, as long as four original vectors are selected
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TABLE II
PERFORMANCE COMPARISON OF DIFFERENT VSD-BASED SVPWM STRATEGIES

Performance indicators

SVPWM strategies Linear modulation range

Computational burden (in one PWM cycle)

For balanced For unbalanced Number of Number of calculations Number of calculations Other additional
power sharing power sharing sector judgments for vector dwell time for phase dwell time operations
Basic VSD-4V
strategies in [13], [15], M"/fsjé/ 533(3 ), Zero 1 5 6 No
[16], [17] i
Two-modulation- . Split the PWM
stage-based strategy in M(‘ﬁSZ/bEnG)’ Medium 2 10 12 cycle by |||
M,=0 et
[25] and ||uy; ||
Two-modulation- .
stage-based strategy in Maﬂ§2/sl;1n(3), il la‘rger 2 9 12 No
M.,=0 than medium
[26]
. Average
Proposed strategy Muy=2/sart(3), Maximum 1 5 6 Trero center and

M,=0

Trero edse

through the sector judgment on ug’fﬁ then which of the eight
candidate vectors should be finally used depends entirely on the
positive or negative values of the dwell time calculation results
of the four original vectors [as can be seen from (7) and (8),
positive or negative only depends on N,g and the given u'f,
u‘ﬂef, uff, and uryef]. In other words, sector judgment only needs
to be performed once for N,g, while the calculation of vector
dwell time only needs to be focused on the four original active
vectors and one zero vector (i.e., a total of five calculations).
Moreover, from Fig. 9, it can be seen that except the need of (10)
to average Tero_center ANd Tyero_cdge, the number of calculations
for phase dwell time is also kept at the minimum value of six
for the six-phase machine.

3) Summary: Different features of all the relevant SVPWM
strategies are summarized in Table II. Among different strate-
gies, the proposed strategy has the maximum linear modulation
range under unbalanced power sharing. Besides, in terms of
computational burden, compared with the strategies in [25] and
[26] that also have linear modulation capability under unbal-
anced power sharing, the proposed strategy has fewer sector
judgments, fewer calculations for vector dwell time, and fewer
calculations for phase dwell time, which can compensate for
the need to average Tero_center aNd Tero_edge- In conclusion,
the proposed SVPWM strategy can be considered as a com-
petitive solution for DTP machine drives under power sharing
conditions.

IV. EXPERIMENTAL VERIFICATION

In machine control framework, the factor directly related to
SVPWM is the voltage commands. Hence, to more clearly and
intuitively verify the principle of the proposed strategy and com-
pare it with other strategies under power sharing, the experiment
with open-loop voltage direct control is first conducted. After
that, the power sharing results of the proposed SVPWM strategy
under complete closed-loop control are further presented.

By taking DTP permanent-magnet (PM) synchronous ma-
chine (PMSM) as the tested machine, Fig. 14 shows the overall
experimental setup. The specific parameters of the DTP PMSM
drives are listed in Table III.

DTP PMSM
controller

Load
machine
controller

Fig. 14.

Experimental setup of the DTP PMSM drives.

TABLE III
PARAMETERS OF THE DTP PMSM DRIVES IN THE EXPERIMENT

Parameters Symbols Values
Rated speed nN 1000 r/min
Rated torque T~ 9.55N'm
Rated stator RMS current iN 7TA
Pole pair number n, 5
Stator resistance R, 0.6Q
dg-axis inductance La, L, 8 mH
PM flux linkage W 0.08 Wb
Moment of inertia J 0.0017 kg-m?
PWM cycle Trwwm 100 ps

A. Open-Loop Voltage Control

In this experiment, the DTP PMSM is controlled by the
diagram shown in Fig. 15 for open-loop power sharing. As
analyzed in Section II-B, unbalanced power sharing state of the
machine corresponds to nonzero ufjg and ug;; both rotating at
the fundamental frequency. Thus, open-loop power sharing can
be achieved by setting reference voltages ufy', uj, w5}, and w5y
in synchronous frame to specific dc values directly. As long
as u™ and v are not zero simultaneously, unbalanced power
sharing can be then achieved. The inverse Park transformation

from dg and z1z2 subspaces to o8 and xy subspaces can be
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Fig. 16.  Voltage control with uref— -4 Vu'ef =13V, u‘e{: —1.2 V, and

u’;; —1V for the proposed SVPWM strategy with Step-1 under Ug. =40 V.
(a) Dwell times of the basic vectors. (b) Phase dwell times T and Tp. (c) Actual
voltage trajectory in o3 subspace. (d) Actual voltage trajectory in xy subspace.

represented in complex vector form as [27]

Fop=Fqd%, Fyy=F.ipe% (18)
where 6, is the rotor electrical position of the DTP PMSM.

1) Verification of the Two-Step Design of the Proposed
SVPWM Strategy: First, Fig. 16 shows the experimental re-
sults for the proposed SVPWM strategy with only Step-
1. The reference voltages are selected as uilef: —4 'V,
ufff: 13V, /= —12 V, and v= —1 V. The dc
bus voltage Ug. is 40 V. The load torque provided by

the load machine is adjusted to make the speed equal to
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Fig. 17. Voltage control with uref -4V, u‘;f 13V, u'ze{_ —1.2V, and
ref

uS,= —1V for the proposed SVPWM strategy with Step-1 under Ug. =26 V.
(a) Phase dwell times 7o and Tp. (b) Actual voltage trajectory in a3 subspace.
(c) Actual voltage trajectory in xy subspace.

200 r/min. As can be seen by Fig. 16(a), with Step-1, nega-
tive dwell times of active vectors occur sometimes to provide
preconditions for synthesizing the non-zero u“"g and ufé Be-
sides, Fig. 16(b) shows the phase dwell times 7T and T (re-
spectively, represents the dwell time of the two subthree-phase
winding sets). Due to the relatively low modulation depth in this
case, T and Tp obtained by (9) [i.e., without the optimization
of (10) by Step-2] can be within the range of [0, Tpwn]. Hence,
linear modulation in both a3 and xy subspaces can be achieved,
and the actual voltage trajectories in o and xy subspaces are
both circular with no distortion, as shown in Fig. 16(c) and (d),
respectively.

Next, based on the same speed, u%", ugef, u, and u', the
experiment for the proposed SVPWM strategy with only Step-1
is further conducted by reducing U4, to 26 V. In this case,
it can be observed from Fig. 17(a) that To has reached the
saturation state (0 and Tpyw\) for a certain time. Consequently,
overmodulation occurs and the actual voltage trajectories in o3
and xy subspaces depicted in Fig. 17(b) and (c) no longer appear
to be circular, especially that in xy subspace.

Then, with Ug. = 26 V and the same speed, ufj', u*', u¥],
and u', Fig. 18 shows the experimental results for the pro-
posed SVPWM strategy with Step-1 and Step-2. Compared with
Fig. 17(a), it can be observed by Fig. 18(a) that the waveform
shape of phase dwell time has been modified through Step-2.
Since T’ is no longer maintained at O and Tpw\ for a certain
time, the saturation state is exited. Hence, both a3 subspace and
xy subspace achieve linear modulation again, resulting in the
circular actual voltage trajectories shown in Fig. 18(b) and (c),
respectively. Compared with the experimental results in Fig. 17,
the function of Step-2 to further expand the linear modulation
range can be, therefore, confirmed.

Moreover, by the experimental results in Fig. 18, one can
also find that the linear modulation boundary of the proposed
SVPWM strategy is just reached. This is because the minimum
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Fig. 18.  Voltage control with uret =4V, ug' =13V, uret = —1.2V, and

urg: 1V for the proposed SVPWM strategy with Step-1 and Step-2 under
Ugc = 26 V. (a) Phase dwell times 7o~ and Tp’. (b) Actual voltage trajectory
in a3 subspace. (c) Actual voltage trajectory in xy subspace.

and maximum values of T’ and 7p’ happen to be 0 and
Tpww, respectively, while the actual voltage trajectories in both
subspaces are still circular. In this case, based on the specific u's',
uﬁff urzelf s f;g , and Uq. given previously, it can be calculated by
(11), (18), and Fig. 3 that

[ agref2 g ref2
ud +uq

M,, = Yt “%272“?52 = 0.1202 (19)

~ = arctan (umf ) — arctan ( u,ef) = 0.5776 rad.

Since the resulted M., M,,, and 7 generally meet the
relationship in Table I, the correctness of theoretical analysis
regarding linear modulation boundary of the proposed SVPWM
strategy can be verified.

2) Linear Modulation Range Comparison of Different
SVPWM Strategies: This experiment compares the linear mod-
ulation range of different SVPWM strategies when the DTP
PMSM is under power sharing. In addition to the proposed strat-
egy, the basic VSD-4V SVPWM strategy in [15] (Strategy-1)
and the two-modulation-stage-based SVPWM strategy in [26]
(Strategy-2) are considered. Same working conditions for all the
three strategies are guaranteed by the same Uy, and the same
reference voltages (ufy'= —1.4 V, ul'= 12 V, uff= —1.7 V, and
u™f = —0.24 V). The speed of the DTP PMSM is maintained
at 150 r/min in all comparisons by adjusting the load torque
provided by the load machine.

First, the comparison is carried out under Ug. = 28 V.
Fig. 19(a) shows the actual voltage trajectory and boundary
of the effective modulation range (BEMR) in af subspace
under the three strategies, while those in xy subspace under the
three strategies are given in Fig. 19(b). The BEMRs in a3 and
xy subspaces are obtained by the maximum achievable ||uret |

and [lufy|| without changing |luh|l/lusl, and the maximum
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achievable [[u}| and [luis|| of Strategy-1, Strategy-2, and the
proposed strategy are determlned by the modulation constraints
in [15] and [26], and this article, respectively. Since the RVVs
in a8 and xy subspaces of all the strategies rotate along circular
trajectories, the linear modulation boundary of each strategy
corresponds to the inscribed circle of its BEMRs.

From Fig. 19(a-1) and (b-1), it can be noticed that although
there are certain regions within the BEMRs of Strategy-1, the
inscribed circle radius of BEMR in both subspaces is 0. Thus, for
such case with [|ufs}||#0 and [|u; [|#0, linear modulation in a3
and xy subspaces cannot be achleved For Strategy-2, it can be
found from Fig. 19(a-2) and (b-2) that the inscribed circle radius
rop of BEMR in a3 subspace and the inscribed circle radius 7,
of BEMR in xy subspace are 14.20 V and 2.019 V, respectively.
Since rqp>[ulsll = 12.08 V and rp,>|lulfy || = 1.717 V, linear
modulation in both subspaces is achieved. As a result, the actual
voltage trajectories in o3 and xy subspaces are both circular. For
the proposed strategy, it can be seen from Fig. 19(a-3) and (b-3)
that it not only has circular actual voltage trajectories in o3 and
xy subspaces, but also has higher r,g (15.47 V) and higher r,,
(2.198 V), which means the extended linear modulation range
can be possessed.

Next, the three strategies are retested under a reduced Uy of
22 V. The experimental results under this condition are shown in
Fig. 20. Due to the decrease in dc bus voltage, the BEMRs of each
strategy shrink accordingly. For Strategy-1, since the inscribed
circle radius of BEMR in both subspaces is still 0, the distorted
modulation in o3 and xy subspaces shown in Fig. 20(a-1) and
(b-1) are similar to those in Fig. 19(a-1) and (b-1), respectively.
Regarding Strategy-2, as seen by Fig. 20(a-2) and (b-2), ros
and r,, are reduced to 11.16 V and 1.586 V, respectively. Due
t0 rop<|[ulhl and ry,<|lu |, the actual voltage trajectories
in o8 and xy subspaces completely coincide with the BEMR
of the corresponding subspaces and, hence, overmodulation
occurs. In this case, only the proposed strategy can maintain
linear modulation in both subspaces. And this is because rqz
(12.15 V) and r,, (1.727 V) are still not less than ||lwh]| and
||uref|| respectively, as shown in Fig. 20(a-3) and (b-3).

Furthermore, under the given reference voltages (uy
—-1.4V, umf— 12V, u= —1.7V, u'S = —0.24 V), by using
(18) and VSD inverse transformation, the expected fundamental
components of phase voltages ua and up can be calculated
as 12.6265 V and 11.7638 V, respectively. Fig. 20(d) and (e)
shows the fast Fourier transform (FFT) results for the equivalent
ua and up, respectively, under the three strategies with Ug. =
22 V. Since the proposed strategy can synthesize circular rotating
RVVs in both subspaces, not only the desired fundamental
components of ua and up are output, but also the total har-
monic distortion (THD) values are the minimal. For Strategy-1,
although the fundamental components of ua and up are close
to the expected values, the most obvious distorted modulation
trajectories in o and xy subspaces lead to the highest THD. For
Strategy-2, although the distortion of the modulation trajectories
in a8 and xy subspaces is not significant, the actual trajectories
have shrunk. Thus, in addition to the increase in THD of ux and
up compared with the proposed strategy, the main problem is
also reflected in the decrease in fundamental output capability.

ref__
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Strategy-1 in [15]

Strategy-2 in [26]
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Fig. 21. Diagram of closed-loop control for power sharing.

3) Investigation of Computation Time for Different SVPWM
Strategies: To further investigate the computational burden of
different SVPWM strategies under experimental conditions,
based on the control structure shown in Fig. 15 and the TI micro-
controller TMS320F28379D, the measured results of computa-
tion time for each strategy within a modulation cycle are shown
in Table IV. As seen, due to the doubled modulation stage, the
strategies in [25] and [26] require more computation time than
the basic VSD-4V strategy in [15]. Besides, the computation
time of the strategy in [25] is higher than that in [26] due to
one more calculation for vector dwell time and the additional
operation to split the PWM cycle, as illustrated in Table II. For
the proposed strategy, if only Step-1 is executed, it will have
similar computational tasks to the basic VSD-4V strategy in
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Fig. 22.
SVPWM strategy. (a) ia, ip, Ug, and ugy. (b) ia, iDp, 1, and u,2. (¢) FFT result

Closed-loop control with Ug. = 60 V, reference speed = 400 r/min,

(2)

()

load torque = 5 Nm, and power sharing ratio from 1:1 to 4:1 for the proposed
s for ip under 1:1 power sharing. (d) FFT results for ip under 1:1 power sharing.

(e) FFT results for iz under 4:1 power sharing. (f) FFT results for ip under 4:1 power sharing. (g) ia, ip, i4, and ig. (h) ia, iD, i,1, and i,2.

TABLE IV
COMPUTATION TIMES OF DIFFERENT STRATEGIES IN THE EXPERIMENT

SVPWM strategies Computation times

(in one PWM cycle)
Basic VSD-4V strategy in [15] 41.27 ps
Two-modulation-stage-based strategy in [25] 62.03 ps
Two-modulation-stage-based strategy in [26] 49.29 us
Proposed strategy with Step-1 41.15 ps
Proposed strategy with Step-1 and Step-2 51.86 us

[15] (details are in Table II). And the experimental results in
Table IV can also verify this. In addition, if both Step-1 and
Step-2 of the proposed strategy are executed, the computation
time is still lower than the strategy in [25] and almost the same as
the strategy in [26]. This indicates that the two-stage modulation
avoided by the proposed strategy can basically compensate for
the additional computation time required to average 7 ,ecro_center
and Tyero_edge in Step-2.

B. Closed-Loop Control

In this experiment, the proposed SVPWM strategy is in-
vestigated by closed-loop power sharing control. To achieve
minimum copper loss, (3) should be satisfied. Optionally, based
on (18), (3) can be realized by setting reference currents il and

i in z1z2 synchronous frame as

-ref

ref
g

= (K1 — K>) (20)

i = (—K, + Kg)i‘;f.

The control diagram is shown in Fig. 21. By setting Uqc
to 60 V, reference speed nf to 400 r/min, and load torque to
5 Nm, Fig. 22 provides the dynamic results when power sharing
command for the two subthree-phase winding sets changes from
1:1 to 4:1.

During the switching of power sharing ratio, Fig. 22(a) and
(b), respectively, shows the changes in dg-axis voltages and z1z2-
axis voltages with the changes in phase currents i and ip. As
seen, when power sharing ratio is 1:1, ug, ug, 1, and u o are
—9V,21V,0V, and 0V, respectively, resulting in ||urEf ||#=0 and
[t || = 0. When power sharing ratio is switched to 4:1, ug, u,,
Uy, and Uy are —9V,21V, —2.4V, and —1.8 V, respectively.
Under 60 V dc bus voltage, similar to (19), one can calculate
that Mg, My, and 7y here are 0.3808, 0.05, and 0.5224 rad,
respectively. Based on these M3, M, and -, it is known from
(14) and Table I that the proposed SVPWM strategy can achieve
linear modulation for 4:1 power sharing. Moreover, Fig. 22(c)
and (d) shows the FFT results for ip and ip under 1:1 power
sharing, respectively, while the corresponding results under 4:1
power sharing are given in Fig. 22(e) and (f). With the linear
modulation, the main source of current THD is the nonideal
characteristics such as inverter nonlinearity. The corresponding
problem can be solved by further introducing the well-developed
harmonic suppression strategies.
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To further demonstrate the implementation principle of power
sharing under current closed-loop control, Fig. 22(g) and
(h), respectively, shows the changes in dg-axis currents and
z1z2-axis currents with the changes in i and ip. Similar to the
dg-axis voltages shown in Fig. 22(a), the dg-axis currents shown
in Fig. 22(g) also remain unchanged (i; = 0 A and iy = 4.2 A)
before and after the power sharing ratio change, verifying that the
dg-axis variables only reflect the total power and are independent
of power imbalance. On the other hand, the z1z2-axis currents
shown in Fig. 22(h) are both 0 A under 1:1 power sharing, while
they are finally stabilized at O A and -2.6 A under 4:1 power
sharing, respectively. Under 4:1 power sharing command (i.e.,
K1 =08,Ky =02),sinceig=0A,i, =42A,i,; =0A,
and i,5 = -2.6 A are generally in accordance with (20), it means
that the 4:1 power sharing is finally achieved by the closed-loop
control.

V. CONCLUSION

This article proposes a new VSD-based SVPWM strategy for
DTP machine drives under unbalanced power sharing condi-
tions. According to the characteristics of the RVVs under power
sharing, a two-step-based design procedure is illustrated to form
the SVPWM strategy. The first step is to remove the non-negative
dwell time constraints of the basic vectors. By this way, the
achievable direction of nonzero vector synthesis becomes arbi-
trary, and the nonzero RV'V linear modulation capability in both
af and xy subspaces can be created. Considering the unique
dwell time features of the vectors resulting from the first step,
the second step further extends the linear modulation range by
averaging the dwell time of center zero vector and edge zero vec-
tor. For solving the linear modulation boundary in such case, an
analysis method considering the RVV frequency feature is also
presented. Compared with other typical VSD-based SVPWM
strategies, the theoretical and experimental analyses indicate
that the proposed strategy can be a competitive alternative for
DTP machine drives with power sharing requirements due to the
extended linear modulation range.
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