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Parameters and Volt-Ampere Ratings of
a Synchronous Motor Drive for
Flux-Weakening Applications

Nicola Bianchi and Silverio Bolognani

Abstract—This paper deals with the selection of the motor I. INTRODUCTION

parameters and the inverter power ratings for a permanent- . .
magnet (PM) synchronous motor drive in order to meet a given N THE LAST years, variable-speed applications and oper-

flux-weakening torque versus speed characteristic. Appropriate I ating limits for interior permanent-magnet (IPM), surface
combinations of stator PM flux linkage, d- and ¢-axis inductances, permanent-magnet (SPM), and reluctance (REL) synchronous

and inverter current rating at a given voltage are derived, in  motors obtained a great interest. Steady-state analysis and
normalized values, as functions of the specified flux-weakening control methods for variable-speed operation above the base

speed range and torque limits. By means of these sets of data, the d v in the fi Keni . p h
drive designer can easily individuate and compare all the suitable Speed, namely In the Tlux-weakening region, of synchronous

synchronous motors (defined by thel- and ¢-axis inductances and motor drives (SMD) with current-regulated inverters are de-
flux linkage) and the related inverter volt-ampere ratings, for the scribed in several papers. Early works on flux-weakening

desired flux-weakening performance. Therefore, this paper can operation of SMD deal with the analysis and control of IPM
be con5|_dered a synthesis work ra}ther tha_n an analysis one and motors [1]-[3]. Then SPM motors [4] and both types of
can profitably be used for an optimal design of a synchronous : .
motor drive. permanent-magnet (PM) motors [5]-[8], [11] were investi-
gated. REL motors are considered in [9] and [10], while the

Index Terms—Flux weakening, motor design, synchronous mo- gparation of the three types of SMD is analyzed and compared

tor drives. in [12] and [13].
All the drives exhibit a constant torque region, from zero
NOMENCLATURE to the base speed, with increasing voltage. Then, a decreasing
I Rated motor and inverter current (A). torque region follows, with a constant voltage, which extends

up to the maximum operation speed. The high-speed constant
voltage operation is accomplished by reducing the stator PM
flux linkage through an appropriate stator current distribution

141, d-axis andg-axis current components (A).
LqL, d-axis andg-axis inductances (H).

P Number of pole pairs. )~ . :

T Motor torque (N- m). and thus it is gener'ally called “flux-weakenmg regmn."

T Rated motor torque (N m). In the aforementioned papers, the analysis is usually per-
‘we Flux-weakening torque (N m). fqrmed by starting from given motor parameters gnd inverter
1% Rated motor and inverter voltage (V). size and then the resulting d_nve perfqrmance is predicted.
- Current angle at base operating point (rad). Conversely, the purpose of this paper is to select thg motor
A, Stator PM flux-linkage (V- s). parameters (and therefore the motor type) and the inverter
¢ Saliency ratio. volt-ampere ratings of an SMD, in order to meet a desired flux-
0 Angular frequency and electrical speed (rad/s). weakenm_g to_rque versus speed spt_amﬁcatlon. In partlcglar all
Q, Base electrical speed (rad/s). the combinations of stator PM flux linkage ardand g-axis

Qs Maximum flux-weakening operating electricainductances (which together define the motor type), as well
speed (rad/s). as the inverter current rating at a given voltage, are derived

Q,, Mechanical speed (rad/s). for fixed flux-weakening speed range and torque limits. By_
Quaxe  Maximum drive electrical speed (rad/s). means of these sets of data, Fhe drive Qe3|gner can easily
Q, Maximum constant volt-ampere electrical S‘pee@dlwduate and compare the qllfferent suitable sy_n_chronous
(rad/s). motors and related inverter sizing, for any specified flux-
weakening performance. For these reasons, this paper can be
considered a synthesis work rather than an analysis one and it
can be profitably used for an optimal design of an SMD for
a given torque-speed curve.

Small letters are used for normalized quantities.
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Fig. 1. Circle diagrams of IPM motor drives.

is neglected; 2) the iron permeability is considered infiniterigin, and given by
so that the saturation effects are not taken into account; 3)
the iron losses are neglected; and 4) the PM irreversible de-
magnetization caused by the stator reaction is not considergy the voltage

assuming a PM material with an appropriate coercive for%e_Am/LmO)’ with the ellipticity equal to the saliency

and/or thickness. _ratio ¢ = L,/Ly, and the major axis equal to 2\}L,),
In the general form of the synchronous motor equationg,q expressed by

both the effect of the PM and that of the rotor saliency have to
be considered, as in an IPM machine. By using a synchronous V2 = Q?[(Ap + Lalg)?* + (Ly1,)% (3)

d-q reference frame with thé-axis coincident with the PM . . .
polar axis, the steady-state torq@edeveloped by an IPM where(l is the operating angular frequency or electrical speed.
motor is The latter is related to the mechanical sp&€gg by @ = pQ2,,..

It is easy to prove that the center of the ellipses represents the
steady-state three-phase short-circuit operating condition of the
machine. Equation (3) applies also to SPM and REL motors
by putting L, = Ly and A,,, = 0, respectively.

Two terms in the torque (1) can be recognized: the first oneFig. 1 shows two circle diagrams with two different short-
is the PM torque term and the second one is the reluctargecuit current levels. The rated current limit circle, two voltage
torque term. For this reason, an IPM motor can be interpretkahit ellipses (drawn for rated voltage and two different motor
as a combination of an SPM mot¢L, = L;) and an REL speeds), and some constant torque hyperbolas are shown.
motor (A,,, = 0) and then its equations can be used for a@perating points which lie outside either the current limit
unified study of an SMD. circle or the voltage limit ellipse, do not comply with drive

An analysis of the IPM motor operation above base speeditage and current limitations. Rated torqilig is the max-
can readily be carried out using the circle diagram inthd, imum torque which can be obtained by rated current. The
plane [6], [12]. In that plane, (1) defines, for each torque base speed?, (in electrical rad/s) is the speed at which
a hyperbola whose asymptotes are the dgis= 0 and the the drive delivers rated torque with rated voltage. The two
vertical straight linely = —A,,,/(Lq — Lg). The latter lies in quantities, 7; and €2,, are associated with the hyperbola
the positivel,; semiplane, since all the IPM motors exhibiand the ellipse crossing the poi® in Fig. 1, where the
Lq < Lg. The rated motor current and voltage must be withinyperbola is tangent to the current limit circle. In the paper
the inverter capabilities. In this study the rated motor quantiti#sis assumedV” > Q,A,,, so that operation at base speed
are assumed to be exactly coincident with the inverter limigsxd null currents is allowed, i.e., the origin of thg-I,

V and . By considering the inverter capabilities, the currenilane is inside the voltage limit ellipse related to the base
limit defines a circle in thd; — I, plane, centered in the planespeed.

P=Ii+1; 2)

limit defines an ellipse, centered in

T = 3[Ap Iy + (La — Ly)I,14). 1)
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Fig. 3. Maximum drive speed of the drive of Fig. 2.

In this paper the design of an SMD is faced with the aim
of individuating the motor parameters (flux linkage adhg
axis inductances) and the inverter volt-ampere ratings, such
that the drive exhibits a rated torquB at base speedl,
and a prefixed flux-weakening operation range, defined by the
torque’’,, at the maximum desired flux-weakening operating
speed();,. Both the cases of)s, lower and higher than
(1, are considered. Therefore the paper generalizes the results
presented in [14], in which the same problem has been solved
hm under the assumptions that region Il does exist and by putting
(b) Qi = Qp.
Fig. 2. d-axis inductance and rated current of an IPM motor drive, as 1ne drive data are obtained from the SMD equations (1)—(3)
functions of A, and¢ with the same unitary base speed, rated torque, argly imposing the torqué; at speed?, together with the torque
rated voltage. T}, at speed;,,. All the data are given in normalized values
(small letters) referred to the base quantities defined in the
An SMD as described in Fig. 1 has three operating regiorsppendix, so that the obtained results can be extended to
) Constant Torque RegionThis occurs below and up to motors of any rated power. Moreover, the use of normalized
the base speef?,; the torque limit is constant and equal to/alues allows an easy comparison between different SMD siz-
the rated torque, delivered by constdgtand I,, chosen so ing but with equal flux-weakening performance. The inverter
that maximum torque-to-current ratio is achieved. Operatidt@/tage limit, rated torque and base speed, are among the base
in the constant torque region, under rated torque and currefi#antities, so that the normalized rated voltagevis= 1,
is described by poinB in Fig. 1. and similarly the normalized rated torque and base speed are
1) Flux-Weakening, Constant Volt-Ampere Rets = 1 andw, = 1, respectively. Since it has been assumed
gion: Operation in this region is limited by the rated” = €sAm, it resultsh,, < 1.
current and the rated voltage. The operating point under thes&Or the sake of convenience and an easy use of the resullts,
limit conditions is the intersection of the current limit circlen® motor drive data are reported in the paper in several figures.
with the voltage limit ellipse. In the case of Fig 1(a), the poir?y Means of these figures, when the desired flux-weakening
moves fromB to P, along the current limit circle, as the!0rauety., and speed,, are prefixed, the drive designer can
speed increases frof, to 2, the latter being therefore the Select the most suitable SMD, by individuating the appropriate

maximum speed of the flux-weakening constant volt-ampefePtor parametergd- andg-axis inductances and flux linkage)
region. In the operating poinP, the torque hyperbola is and the inverter current rating. An effective procedure for

tangent to the voltage limit ellipse. Thus, the drive exhibitd€Signing the motor according to the inductances and flux

in P the maximum torque-to-voltage ratio. If the center ofnkage data is proposed in [15].

the ellipses is outside the current limit, as in Fig. 1(b), the

operating pointP does not exist: the constant volt-ampere Ill. SMD BASE SPEED OPERATION

region ends at the operating point of the current circle which As stated in Section I, SMD operation at base speed is

lies on theli-axis, where a null torque and the maximumiescribed by the operating poi® in Fig. 1, which is the

drive speedQ2,,.x OcCcCur. point where the current limit circle is tangent to the rated
) Flux-Weakening, Decreasing Volt-Ampere RegidFhis torque hyperbola. In additiorf; is the crossing point between

operating region turns out only when the center of the ellipsése previous curves and the voltage limit ellipse drawn for

is inside the current limit as in Fig. 1(a). In that case, abowsmse speed?,. The d-axis inductance and the rated current

(2, the drive performance limits are defined by the maximumwf a drive operating inB can be found, as functions of the

torque-to-voltage locus which linkB with the ellipse center, flux linkage A,, and saliency ratid, by solving (1) and (3)

where the drive operates at infinite spe€t),,,. = o). for rated torque and voltage, also base speed, together with

0 02 04 0.6 08
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Fig. 4. Flux-weakening power of the drive of Fig. 2, as functions\ef and ¢ and for differentwy,,.

the equation obtained by imposing the maximum torque-ta-given base-speed operating point. It is worth noticing that
current ratio. All these equations are expressed hereaftertlie current rating decreases &snd A,,, increase. However,

normalized form. a high£ generally implies a complicated and expensive rotor
From (1), the normalized torque becomes structure, while a high,,, may imply a high cost of the PM.
sin 2 Thus, the combination of the reluctance and PM features in
ty = Amicosy, — 1g(1 — 5)1‘27% (4) the motor design have to be carefully balanced.
while, from (3), the voltage is IV. SMD FLUX-WEAKENING MAXIMUM SPEED
v? = W[ A — 1gisiny,)? + (1g&i cosy)?]. (5) The flux-weakening operation is accomplished above base

speed. The flux-weakening speed range extends till the drive
operating point in thely-I, plane can be maintained inside
A, — \/)\TQn 8131 - )22 both the voltage and qurrent Iimits_.
(1= £)i (6) _ Two cases are possible, according to whether the_z PM flux
linkage A,, is lower or greater thanlL,I, as previously
obtained by equating to zero the derivative of the torque-toientioned. In the first case, the center of the ellipses is inside
current ratio with respect te;. the current limit and therefore no electrical limitations exist to
By fixing t, = 1,v = 1,w; = 1 in (4) and (5), the nor- the maximum speed of the drive, as in Fig. 1(a). In the second
malizedd-axis inductancé,; and rated current are obtained, case the center of the ellipses is outside the current limit, so
as functions of\,,, and¢. Because of the nonlinearity of thethat operating region Il does not exist and the drive has a
system of (4) and (5), the solution is reached by a numeridalite maximum spee,,,x at which the torque is zero, as in
method. The results are shown in Fig. 2. In the particul&ig. 1(b). From the figure, one realizes that at the maximum
cases of an SPM motor and an REL motor, the base-spegeed, the voltage limit ellipse is tangent to the current limit
operation is described by the curge= 1 and by the axis circle, and only one operating point is thus allowed.
Am = 0, respectively. For these cases, (4) and (5) can beThe maximum speed is obtained by imposifyg= —I and
solved analytically and the quantitids and z can be also I, = 0 in (3), yielding to
given in closed form, as described in Section VI. v
In Fig. 2(a) the normalized inductanég is reported as a Quax = ———.
function of flux linkageA,,,, for different values of the saliency Am = Lal
ratio £. In a similar way, the corresponding normalized current The speed (7) of an IPM motor drive, in normalized value
i, IS reported in Fig. 2(b). By means of Fig. 2 one caw,.x, can be expressed as a function of the PM flux linkage
individuate all the possible SMD configurations to achievg,, for different saliency ratiog, by usingl; andi given

In (4) and (5) the angley,, defined in Fig. 1, is given by

siny, =

(7)
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TABLE |
DIFFERENT SMD DESIGNS FORtf,, = 0.2 AND wy,, = 4

type Am £ lg Iy i wmax ellipses

centre
a SPM 0.803 1 0479 0479 125 483 out
b REL 0 6.2 0.132 0.817 1.71 @ in
C IPM 0.495 4 0.236 0.943 1.23 4.87 out
d IPM 0.080 4 0193 | 0773 176 o in
(3 IPM 0.693 2 0.397 06.794 1.23 4.86 oul
f 1PM 0.210 2 0.298 0.5396 2.12 e in

*) including external inductances

in Fig. 2. The values ofv,,, are shown in Fig. 3. Each From Fig. 4 it can be noted that, for each saliency r4tio
curve has a vertical asymptote defined by the flux linkageflux linkage\,,, exists, at which the flux-weakening power
Am €qual tolg¢, which implies that the center of the voltage.;,.t;, iS maximum. By comparing Fig. 4 and Fig. 2 one
ellipses falls exactly onto the current circle. The same valdeduces that the flux-weakening maximum power is obtained
of )\, individuates, for eaclf, the maxima of the curves inwith \,, = l44, that is when the center of the voltage limit
Fig. 2(a). Operation with\,,, lower than that of the asymptoteellipses is exactly on the current limit circle. Moreover, the
is described by a circle diagram with the center of the ellipsesaximum value of the normalized power is approximately
inside the current circle, as in Fig. 1(a). An analysis of thalways the same, a little lower thaf2 (/2 is the theoretical
position of the point” for different motor parameters, and thevalue withw,, = oc). Therefore, the corresponding maximum
locus of the maximum torque-to-voltage ratio are presentestque decreases when the spegg, increases.
in [14]. It can be noted also that, the flux-weakening power (and
From Fig. 3 it can be observed that the maximum drivéerefore torque) of an REL motOh,,, = 0) decreases for any
speed increases when the flux linkage decreases (with consgaén ¢, by increasingv,,. Similar behavior is exhibited by
¢) or when the saliency ratio decreases (with constapj. the flux linkage of a PM motor which assures the maximum
In particular an SMD with an REL motor does not have flux-weakening power. In addition, by Fig. 4 and 2, it can
bounded speed, as discussed in [9] and [12]. Moreover o€ recognized that a wide flux-weakening speed range can
can realize that an infinite speed could be obtained also by @80 be obtained with low¢, provided that high values of

SPM motor, but this implies large motor inductances (that #otor inductances or additional external phase inductances
general requires additional components external to the motgfe accepted.

and/or large current. Eventually, by comparing the current values shown in Fig. 2
with the flux-weakening power shown in Fig. 4, one realizes
V. SMD FLUX-WEAKENING PERFORMANCE that it is always preferable to design the synchronous motor

With the purpose to derive an effective procedure fo¥ith A, >14i; therefore, as far as the current is concerned,
selecting the IPM motor parameters, this section investigaféd! motors rather than REL motors should be preferred.
the performance of the class of IPM motor drives under The design of the synchronous motor for flux-weakening
operation in the flux-weakening region. All the drives havapplications can be described in the following steps. With the
t, = 1,w, = 1 andv = 1, and thus they are characterized by gesired values of flux-weakening operating spegd, and
combination of parametefs, [, = &lq, A, and by the current torquei ., suitable PM flux linkage\,, and saliency ratio
i as given in Fig. 2. On the basis of these motor parameters #&nére chosen, by using Fig. 4. The choice can be addressed
current rating, and with the aid of the circle diagram of Fig. Ry considering the preferences of the designer for the motor
the torquety,, at a prefixed flux-weakening speegd,,, is type and by practical considerations (see Appendix). Then, the
computed for each flux linkagk,, and saliency ratig. Since corresponding; (and/,) and drive curreni can be determined
the analytical form of the torque is not available, because by Fig. 2.
the involved SMD equations (4)—(6), the results are shownSome examples of SMD design are given in Table | for
graphically. For a practical use, some of them are reportedtin, = 0.2 and wy,, = 4, (wrwtse = 0.8) and, of course,
Fig. 4, where the achieved flux-weakening powef,ts, is t, = l,ws = 1,v = 1. The corresponding torque-speed
reported as a function of,,, and¢, for different speedv;,,. and power-speed characteristics are shown in Fig. 5. The last
The performance of REILA,,, = 0) and SPM(¢ = 1) motor column of the table specifies whether the center of the voltage
drives will be further particularized in Section VI. limit ellipses is outside the current limit circle or not. The table
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Fig. 5. Torque-speed and power-speed characteristics of the IPM motor drives of Table I.

suggests the following considerations. tances external to the motor have to be connected. On the

L]

For PM motors, two different solutions are possible, with ~ other hand, the flux linkage is in general easily obtained.
two different ),, and samef (only the solution with

higher A, is reported for the SPM motor). VI. PARTICULAR CASES

PM motors with higher\,,, have a lower rated current,

approximately the same for all of them. A. Synchronous Reluctance Motor

PM motors have lower current than REL motors. By i i
increasing¢ above the value of the table, REL motors In an REL motor, the PM flux linkage is zero. Then, from

exhibit highert,, and lower:, the latter remaining in any (6), _the mf':lximum t_orque-to-current ratio ang_le/gs: 45°. By
case higher than/2. However, REL motors with linear PUtting this angle in (4) and (5) together with= 1,v = 1,
magnetic circuits are considered here. An improvement %'f'dwb = 1, the nommalized valugs of theq axis mductanceg
the motor performance can be achieved taking advantd d drive current can be analytically carried out as functions
of iron saturation [16]. the saliency raticf
The choice ofA,, = l4i, which allows the highest flux- 1 2 202

™ - - Y/ +1
weakening power to be obtained, is not always the best la= é T T EQ —l—f = 5(5_ 1 )-
one. In fact, if high torqué,, is not required, the motor
can be designed with a higher PM flux linkajg, which The trends of,; and: given in (8) are shown in Fig. 6. The
permits the appreciable advantage of a lower rated drifigure points out thal; has a maximum value gt= 1++/2, as
current. can be proved by the first of (8). This justifies the behavior of
Finally, one has to verify if the selected values of thé; in Fig. 2(a) for A,,, = 0. Moreover, the same Fig. 6 shows
d- and¢-axis motor inductances are practicable or induthat the rated currentis always higher thar/2.

(8)
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o ele | _

¢ (b)

®) Fig. 7. Flux-weakening power and torque of the drive of Fig. 6, as functions
Fig. 6. d-axis inductance and rated current of an REL motor drive, asf { andwy,,.
functions of¢ with the same base conditions of Fig. 2.

05
With the same procedure used for deriving Fig. 4, the flux- t 10?4

weakening torquey,, and powetv ..t ., With different values |
of wy, can be evaluated as functions &f The results are 03 |
reported in Fig. 7. From the figure, one observes that at any
speedvy,, the torque and power are always greater than zero. 02 ¢
Moreover, it can be noted that both the maximum torque

and power decrease with,, while in an IPM motor the 0.1
maximum power can be kept constant, close /2 0

0 0.2 04 0.6 0.8 2 1
B. Superficial PM Motor (a)

In an SPM motor, thei- and ¢-axis inductances assume 6 —— ,
identical values. Therefore the maximum torque-to-current i 1‘
ratio calls for an angley, = 0°, that is, onlyg-axis current St ;
is supplied to the motor in the constant torque region. By r
fixing t, = 1, wp, = 1, v = 1, andy, = 0°, the motor I
inductance and the drive current are obtained from (4) and (5) ;| ]
as functions of),,. They are | |

) 1 2 b
la=1g=2dm V1= X2, = 9) %,
m 1 1
. . . . 0 02 0.4 0.6 0.8 . 1
The inductances and current in (9) are reported in Fig. 8. Am

With an SPM motor the maximum flux-weakening normalized (b)
speedw,.x can be evaluated analytically in terms of théig. 8. Inductances and rated current of an SPM motor drive, as functions
normalized flux linkage. Through (9) and (7) it results of A with the same base conditions of Fig. 2.

Wi ;_ (10) Flux-weakening motor torque and power can be reported

Am = /1 =A%, as functions ofx,,, for different values otvs,,, as shown in

From (10) one realizes that the speed is not limited ig. 9. The figure points out that all the speeds, can be
Am < V2, while if A, is higher thany/2 the speed limit reached, even if high values of current or inductances may
given by (10) applies. be required (see also Fig. 8) for the highest speed. Since high

Authorized licensed use limited to: Zhejiang University. Downloaded on November 19, 2009 at 20:54 from IEEE Xplore. Restrictions apply.
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Fig. 9. Flux-weakening power and torque of the drive of Fig. 8, as functions
of Ay andwy,,,.

[2

values of inductances are not earned by an SPM motor, a wide
flux-weakening speed range calls for the use of external indué?!
tances. Moreover, it can be noted that the maximum power
wywt e does not decrease whery,, increases (as it does in [4]
an REL motor). Its value is slightly lower thag2, while the

maximum torquet s, obviously decreases with speed. [5]

VII. CONCLUSIONS
[6]

In this paper, the motor type and the related parameters
as well as the inverter power rating of a synchronous motor
drive (SMD) have been individuated, to meet a desired flux
weakening torque versus speed specification. At first, the
normalizedd-axis inductancd, and rated current are ob-
tained, as functions of the normalized PM flux linkagg and
saliency ratict, after the normalized base speed, rated torqud$!
and voltage, have been fixed to unity. Then, by imposing tfﬁfo]
flux-weakening speed range and the torque limit at the highest
flux-weakening speed, the appropriate combinations\gf
and ¢ are derived. The proposed method can be profitab[I%/l]
used to design the most suitable SMD for given torque-spegd]
performance, by an easy comparison of different solutions.

APPENDIX 13]

The normalized quantities have been defined assuming as
base torquel™, speed(2*, and voltagel'*, the value they [14]
assume at the operating poilt Thereforel™ = T;,Q*
Q,,V* = V. As far as the motor parameters and current arg;
concerned, their base values are fixed by considering an idea
REL motor havingL; = 0,L, = L* and able to deliver [16]
the torque?™ with I, = I, = I*. Then, the base current
is given by I* = 27*Q*/(3pV*), while the base inductance

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 12, NO. 5, SEPTEMBER 1997

is L* = 3pV*?/(2Q*2T*). As a consequence base flux is

= L*I* = V*/Q*.

By applying the proposed normalization to the actual pa-
rameters of synchronous motors, their typical ranges result as
follows.

An REL motor is characterized by its saliency rafiothat
strongly depends on the rotor structure. Generally, it ranges
from 3 to 7 with the normalized, varying from 0.3 to 0.9
and ¢ from about 3.2 to 1.7.

An SPM motor has a large and uniform equivalent airgap,
since the PM relative permeability is near to unity. As a
consequence thé andg-axis inductances are equal and quite
low. Typical normalized parameters of an SPM motor are
A =1+0951;=1,=01=+03,i=1+1.1

IPM motor can present two different rotor

: configurations: with circumferentially magnetized PM and
] with radially magnetized PM. Their typical saliency ratios
are{ = 1.5+ 25
linkage A,,, can be chosen from zero to one and consequently

and ¢ = 3 = 6, respectively. The flux

inductances and current values vary from those of an

REL motor to those of an SPM one.
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