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Abstract –Three-phase, line start permanent magnet motors 
(LSPMMs) are attractive candidates to significantly reduce the 
energy costs associated with motors that do not require 
adjustable-speed operation.  In their present state, LSPMMs 
cannot start moment-of-inertia (inertia) loads equal to those 
specified in National Electrical Manufacturer’s Association 
(NEMA) MG1 for general-purpose induction motors.  The inertia 
values specified in NEMA SM1 for LSPMMs are 15 to 32 times 
lower than the values mandated by the induction motor standard 
NEMA MG1.  LSPMMs should comply with starting current limits 
imposed on NEMA Design B induction motors.  Starting currents 
for LSPMMs have not received much attention in the technical 
literature but present a major hurdle to their widespread 
application unless LSPMMs are designed to meet this 
demanding requirement.  A novel tapped-winding stator 
configuration is presented that applies an electromagnetic flux 
boost near the synchronization threshold to improve 
synchronization capability while complying with NEMA Design 
B current limits.  The tapped-winding, flux-boost connection is 
configured for a brief time interval as the rotor accelerates 
towards synchronous speed.  The temporary flux increase 
results in significant improvement to inertia synchronization 
capability.  

A combination of closed-form analysis, simulations, and 
experimental testing are presented to confirm the validity and 
effectiveness of this new technique.  The transition between 
“normal” and “tapped” connections can be implemented using 
mechanical or solid-state switches.  If the switching is conducted 
appropriately, the instantaneous peak transient (IPT) current 
can be limited to comply with NEMA standard requirements.  
Experimental results of an LSPMM incorporating the novel flux 
boost concept are presented for a prototype 4 pole motor rated 
50 hp (37 kW).  The objectives of the prototype motor are to 
verify the ability to: 1) comply with NEMA MG1 maximum 
starting current limits, 2) significantly exceed federally mandated 
efficiency requirements, and 3) synchronize an inertia value that 
meets or exceeds NEMA MG1 standard requirements for a 
comparably rated induction motor.  Successful completion of the 
three objectives demonstrates the ability of super high-
efficiency LSPMMs to become “drop-in” replacements for 
today’s induction motors.

Index Terms — Efficiency, Line Start, Moment-of-Inertia, 
Motor, Permanent Magnet, Tapped-Winding  

I. INTRODUCTION 

Several permanent magnet (PM) topologies are available 
throughout the motor industry, but the scope of this paper is 
limited to those PM motors capable of being started and 
operated direct-on-line.  To achieve this capability, an induction 
cage is included in the rotor of a PM motor as shown in Fig. 1.

Fig. 1 Line Start Permanent Magnet Motor Laminations

LSPMMs have fewer losses and can be physically smaller, 
lower in mass, and lower in cost on a life-cycle basis than a 
comparable induction motor.  The major weakness of this motor 
type is its relatively low critical inertia (Jcr) capability.  This paper 
defines Jcr as the total reflected load inertia that can be 
synchronized at rated voltage and frequency while accelerating 
a quadratic load curve whose torque varies as the square of the 
speed and equals rated torque at rated speed.

Despite the common use of adjustable speed drives (ASDs), 
most electric motors are still operated in fixed-speed 
applications.  The low synchronizing capability of LSPMMs is a 
deterrent to the broader application of these motors.  The 
solution presented here is directly focused on this problem. 
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II.  DESIGN GOALS & CHALLENGES

There are three major design goals associated with 
developing an LSPMM that will be widely accepted as a “drop-
in” replacement for existing induction motors.  The requirements 
are to 1) Limit the maximum starting current to a value in 
accordance with the levels prescribed by NEMA MG1 [1], 2) 
Achieve IE5 equivalent efficiency level [2], and 3) Improve Jcr 
capability to be equal to that required by NEMA MG1 for an 
induction motor of the same rating.

NEMA SM1 [3] synchronous motor standard requires 
LSPMMs to have Jcr capabilities that are only 3-6% that of 
induction motors (NEMA MG1) of the same rating.  The low Jcr 
established for LSPMMs reflects the many technical challenges 
associated with high inertia loads as well as the industry’s 
recognition of these challenges.  While it is possible to 
significantly improve the synchronizing ability of these motors by 
designing a higher flux machine, this comes at the expense of a 
higher starting current and a risk of reduced efficiency, 
depending on the saturation level of the electrical steel.  The 
synchronization challenge is exacerbated by the reduced area 
available for rotor cage bars due to the space occupied by the 
embedded magnets.

The three objectives given above are interdependent and 
thus the solution must be holistic in nature.  With traditional 
LSPMM design methods, it is not particularly difficult to achieve 
any two of these goals.  However, achieving only two out of 
three is not enough for extensive acceptance of this technology.

III. CRITICAL INERTIA, Jcr

A. Calculation of Critical Inertia

The synchronization process of LSPMMs was expertly 
described by Miller in [4] and Rahman, et. al. in [5] & [6].  The 
details are beyond the scope of this paper, but a brief overview 
is provided for the reader concerning this important topic.

As an LSPMM accelerates to near synchronous speed, the 
load torque and average asynchronous torque intersect at a 
speed below synchronous (slip > 0); point C in Fig. 2.  It is the 
transition from point C to point D (synchronous speed, slip = 0) 
in Fig. 2 that defines the pull-in process for an LSPMM design.

Fig. 2 Torque-Speed Curve of Typical LSPMM 
During Acceleration '

The energy available to pull the motor from a slip > 0 to slip = 
0 is referred to as the pull-in energy, Kpe [7].  The available pull-in 
energy from the motor is the net sum of the energy attributed to 
synchronous torque, Kse, the cage torque, Kce, the braking 

torque, Kbe, and the load torque, Kl.  The energy required to pull 
the motor from a slip > 0 to slip = 0 is the apparent kinetic energy 
of the load, denoted Kscr.  For successful synchronization, Kpe ≥ 
Kscr.  Thus, Jcr for an LSPMM can be calculated as follows:

 [kg-m2]                    (1)𝐽𝑐𝑟 =
2𝑝𝐾𝑝𝑒

𝑠2
𝑐𝑟𝜔2

𝑠

Where    p = number of pole pairs
    Kpe = pull in energy [J]
    scr = critical slip [per unit]
    ωs = synchronous angular frequency [rad/s]

B. Flux Level Impact on Critical Inertia

To determine how increasing the flux level impacts the 
synchronization capability for a range of designs, finite element 
analysis (FEA) simulations were performed on four LSPMM 
designs rated 15, 30, 50, and 125 hp.  Each design is 4 poles at 
460 V, 60 Hz, 1800 rpm.  Basic information about these designs 
is given in TABLE I.

TABLE I
BASIC INFORMATION FOR (4) LSPMM DESIGNS, 15-125 HP

NEMA 
Frame 
Size

HP RPM
Starting 
Current 

(A)

NEMA Starting 
Current Limit 

(A)
180 15 1800 109 116
210 30 1800 209 217
250 50 1800 331 363
280 125 1800 879 907

The Jcr was determined using FEA by simulating a start from 
standstill with a quadratic torque load curve and each motor 
wye-connected (the running connection) at 460 V (rated).  
Iterations of the load inertia were performed until Jcr was 
determined within +/- 1%.  The results of this study are shown 
in TABLE II.

TABLE II
CRITICAL INERTIA CAPABILITY, 15-125 HP LSPMMS

NEMA 
Frame 
Size

HP RPM
NEMA 
MG 1

 Jcr (lb-ft²)

LSPMM
Jcr 

(lb-ft²).

% 
NEMA 
MG1

180 15 1800 75 15.7 20.9
210 30 1800 144 49.5 34.4
250 50 1800 232 81.5 35.1
280 125 1800 542 207.5 38.3

The motors under normal flux operation are only capable of 
synchronizing 21-38% of the inertia required for comparable 
induction motors.  To determine the flux boost needed to 
synchronize load inertia equal to the values in NEMA MG1 for 
induction motors, the applied voltage was increased in the FEA 
simulations until the required Jcr could be synchronized.  The 
results of these simulations shown in TABLE III indicate that a 
flux boost of 29-53% is required to improve the Jcr capability of 
LSPMMs to equal that of induction motors.  For a standard, 3-
lead, induction motor, the increased flux would result in a 
corresponding (approximately linear) increase in inrush current.  
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The flux boost simulation values include enough margin to 
successfully synchronize at 10% below rated voltage in 
accordance with NEMA MG1.

TABLE III
FLUX BOOST NEEDED TO SYNCHRONIZE NEMA MG1 

INERTIA, 15-125 HP LSPMMS
NEMA 
Frame 
Size

HP RPM
% Flux Boost for 

Synchronization at 90% 
Rated Voltage

180 15 1800 53%
210 30 1800 30%
250 50 1800 40%
280 125 1800 29%

IV. POTENTIAL SOLUTIONS

There are a multitude of published papers concerning 
attempts to improve the synchronization capability of LSPMMs.  
Most of these papers disregard the proposed solution’s impact 
on starting current and/or full load efficiency.  Neglecting these 
two important parameters is a major drawback of other solutions 
presented to date.  Potential solutions presented in literature 
can be grouped into four general categories.  Each of these is 
discussed below.

A. Rotor Lamination Optimization

As with normal induction motors, the rotor lamination and the 
bar shapes have a huge impact on the starting performance.  
The bar shapes can be easily optimized with well-known 
methods to increase the induction motor inertia and load torque 
starting capability while keeping in mind the starting current 
limits.

The rotor bar cross-sectional area of induction motors must 
be maximized while retaining certain bar geometries to achieve 
the maximum starting performance with the best possible 
efficiency.  Principally the same methods can be used with 
LSPMMs.  Increased induction motor efficiency is achieved by 
low running slip.  Low “slip” is also needed to improve the 
LSPMM Jcr.  The magnets in the LSPMM rotor occupy a 
significant area of the rotor cross-section.  Therefore, the 
possibilities of improving the synchronization capability of 
LSPMMs with the cage alone are quite limited.

B. Dual Stator Configuration

A dual stator configuration [8] is comprised of a normal outer 
stator core and winding, an annular rotor inside, and an inside-
out secondary stator inside the rotor.  The annular rotor has 
magnets on the outer surface and a relatively normal cage on 
the inner surface.  An example of dual stator construction is 
shown in Fig. 3.

The inner stator is energized during the startup and the motor 
accelerates like a normal induction motor.  When the motor has 
reached the induction motor running speed (with some amount 
of slip), the outer stator is energized and with the interaction of 
the magnets, the rotor is pulled into synchronism.  After 
synchronization, the secondary inner stator is de-energized to 
reduce the running losses of the motor.

Fig. 3 Structure of Dual Stator LSPMM [8]

Both the stators can be optimized for their sole purpose only.  
The outer main stator can be optimized for the best possible on-
load performance with the magnets.  The inner stator and 
induction cage can be optimized for starting.  Since the cage 
and the magnets are relatively far from each other, they are 
essentially decoupled.  The magnets, therefore, do not cause 
significant flux variations during the startup.  Current and torque 
ripples are minimized.  The cage does not occupy any part of 
the PM flux path, ensuring a high flux-to-magnet-volume ratio.

Unfortunately, this design is mechanically very cumbersome 
and challenging to assemble.  Supporting the rotating annular 
rotor between the two stators leads to very expensive 
mechanical construction.  Additionally, the space occupied by 
the inner stator and the inner part of the rotor (with the cage) is 
completely inactive during normal operation.  This reduces the 
available active cross-sectional area and reduces the output 
power-to-weight ratio.

C. Pole Changing Method

Other attempts to improve the synchronization capability of 
LSPMM include the “pole-changing” method [9], [10].  The stator 
of an LSPMM can be configured as a two-speed winding by 
using either a single winding (consequent pole) or two 
independent windings.  The PM rotor pole count matches the 
higher of the two stator pole counts.  The motor is started with 
the lower pole count (high-speed) stator energized.  Since the 
PM rotor pole count does not match with this, the magnet flux 
does not interact with the stator flux and therefore does not 
cause any current or torque ripple during the startup.  When the 
rotor has accelerated above the synchronous speed of the 
higher PM pole count, this starting winding is de-energized and 
the higher pole count (slow-speed) running winding is 
energized.

In the case of two independent windings, each can be 
optimized separately for its sole purpose.  In this case, the lower 
pole count starting winding is not used during normal operation, 
reducing the output power-to-weight ratio and increasing 
material costs.  In the two-speed, single-winding configuration, 
the winding cannot be independently optimized for starting and 
running without potentially compromising both the Jcr capability 
and the full load efficiency.  This method cannot be used for two-
pole motors, because winding configurations are not available 
for a lower pole count starting winding.  Another challenge for 
this method is that the motor must meet the requirements 
(locked rotor amps, locked rotor torque, pull-up torque, etc.)  set 
for the slow speed while operating on the lower pole count.  This 
is very difficult to achieve with the small rotor cage available.
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D. Flux boost

Optimal performance of the two operation modes of an 
LSPMM, startup, and on-load running, requires somewhat 
different stator flux levels.  The proposed solution here is to 
increase the flux level during startup to maximize the 
synchronization capability and then reduce it to the “normal” 
level for on-load running with optimum efficiency.  Several 
methods to achieve this are discussed below.

1) Delta-Wye: When energizing a normally wye (Y/star) 
connected winding in the delta connection, the flux increases by 
73%.  This significant boost would seem like a simple solution 
to the problem as that amount will increase the synchronization 
capability.  However, too much flux boost will result in undesired 
results.  Even with a small rotor cage, the instantaneous peak 
transient (IPT) current will exceed the NEMA limit resulting in 
increased torque transients and potential mechanical issues.  
Making the cage smaller to reduce those also reduces the 
critical inertia by increasing the final slip before synchronization.  
Smaller cages also have reduced thermal capability, resulting in 
potential overheating problems in the cage itself.

2) Dual Voltage Winding: Standard dual voltage windings 
(for example 240 V / 480 V, operated at 460 V supply) could be 
used similarly as the above delta start - wye run configuration.  
However, in this case, the flux boost would be 100% and the 
listed downsides would be further exacerbated.

3) Wye-Delta-Wye (YDY): The initial current and torque 
transients described above can be significantly reduced if the 
starting is initiated in wye connection and only momentarily 
connect to delta near synchronous speed to boost the 
synchronization capability.  This same concept also applies to 
the above dual voltage winding.  The 73% flux boost in the delta 
connection will still result in excessive IPT current during the 
transition from wye to delta, even if the initial starting transient 
is limited. 

4) Flux Boost with or Without Soft Starter: Although the 
above described YDY (or high-low-high voltage connection on 
dual voltage windings) appears to be a viable solution, there is 
still a significant risk of excessive IPT currents when switching 
between the connections.  It is almost inevitable that when 
switching from the wye to the delta (or low to high voltage) 
connection the IPT will be unacceptably high.  This 
phenomenon is discussed in detail in Section VII.

Implementing a phase-controlled electronic soft starter [11] 
together with either of the above flux boost methods will help to 
limit the magnitude of the transients.  However, standard 
industrial soft starters are not directly applicable here.  More 
advanced control of the starter together with accurate current 
and voltage measurements to identify the motor state during the 
winding connection switching is needed.

5) Tapped-Winding: A more refined adjustment of the flux 
boost is needed for the best possible synchronization capability 
improvement while meeting the starting current limitations and 
efficiency requirements.  Using the principle of an 
autotransformer in the standard stator winding, the tapped-
winding technique allows both goals to be met.  There are two 
possibilities for implementing the tapped winding technique.

a) Dual winding: One possibility is to insert two 
independent sets of windings of the same pole count to the slots 
as described in [12].  In normal operation, both windings are 
connected in series, while during the startup only one set of the 
windings is used.  The adjustment of the winding turns ratio and 
thus the flux boost can be done in quite fine steps.  However, 
this dual winding configuration increases the manufacturing 
complexity and costs.

b) Tapped winding:  Another possibility to achieve this 
flux boost is to tap into the stator winding between the series-
connected coils, providing an alternate location to energize the 
windings.  This alternate connection point results in reduced 
effective series conductors per phase and increased flux.  This 
method works for lap and concentric coil windings.  Further 
details of this method are provided below and in [13].

V. TAPPED WINDING FOR FLUX BOOST

By selectively bypassing one coil from each pole-phase group 
near the moment of synchronization, the equivalent series 
conductors per phase (ESCP) can be reduced.  This temporary 
reduction in ESCP results in a flux boost that increases pull-in 
energy and decreases critical slip, two concepts introduced in 
Section III and discussed further in Section VI.  This flux boost 
concept applies to both lap and concentric windings.

A. Lap Winding

Conventional lap windings are incorporated in a wide variety 
of single-speed motors operating on three-phase power 
systems.  A conventional two-layer lap winding is comprised of 
groups of individual coils connected in series; the number of 
individual coils is equal to the number of stator slots.  The 
number of individual coils required to form a coil group is equal 
to the total number of stator slots divided by the product of poles 
and phases.  A single group that lies beneath one pole is defined 
as a pole-phase group and occupies a 60° phase belt.  

Fig. 4 represents an individual pole-phase group for a lap 
winding.  The stator core for the 50 hp (37 kW) LSPMM 
prototype contains 48-slots and is designed for 4-pole operation 
on a 3-phase power system.  As additional coil groups are 
inserted, the coil sides begin to overlap previously inserted coils.  
It is this lapping of coil sides that likely gave rise to the name 
“lap winding”.

Fig. 4 Lap Winding
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The per-unit coil pitch is defined by a ratio that compares the 
number of stator teeth encircled by the actual coil to the number 
of teeth encircled by a full pitch coil.  For the 50 hp prototype, 
coil-1 has a throw that spans from slot-1 to slot-11 and encircles 
10 teeth.  The 4-poles are distributed among 48-slots and 48-
teeth, resulting in 12 slots per pole, or a pole pitch of 11 slots.  
The ratio 10:12 when reduced to the lowest terms has a per unit 
pitch of five-sixth (5/6) and the pitch factor (Kp) defined in 
Equation (2) is equal to 0.966.

      (2)𝐾𝑝 = sin (
90°𝑥(𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑒𝑒𝑡ℎ 𝑒𝑛𝑐𝑖𝑟𝑐𝑙𝑒𝑑 𝑏𝑦 𝑎 𝑐𝑜𝑖𝑙)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑒𝑒𝑡ℎ 𝑒𝑛𝑐𝑖𝑟𝑐𝑙𝑒𝑑 𝑏𝑦 𝑎 𝑓𝑢𝑙𝑙 𝑝𝑖𝑡𝑐ℎ 𝑐𝑜𝑖𝑙)

 𝐾𝑝 = sin (
90°𝑥10

12 )
𝐾𝑝 = 0.966

The winding distribution factor (Kd) is a ratio that compares 
the vector sum of the 4-coil voltages distributed over a 60° 
phase belt to the voltage if all the coils in the group were 
concentrated into a single coil.  

The distribution factor (Kd) is defined as: 

   (3)𝐾𝑑 = | 𝑉𝑒𝑐𝑡𝑜𝑟 𝑟𝑒𝑠𝑢𝑙𝑡𝑎𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑓 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑐𝑜𝑖𝑙𝑠
𝑉𝑒𝑐𝑡𝑜𝑟 𝑟𝑒𝑠𝑢𝑙𝑡𝑎𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑓 𝑎 𝑠𝑖𝑛𝑔𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒𝑑 𝑐𝑜𝑖𝑙|

The resultant voltage (Rvcd) of 4-coils distributed evenly over 
a 60° phase belt is the vector sum of the individual coil voltages 
added vectorially as follows:

𝑅𝑣𝑐𝑑 = |𝑉𝑐(1∠15 + 1∠30 + 1∠45 + 1∠60)| =  3.831𝑉𝑐

If the voltage of each coil is Vc and if the 4-coils were 
concentrated into a single coil, then the resultant voltage of the 
concentrated coil (Rvcc)would add as follows:

𝑅𝑣𝑐𝑐 = |𝑉𝑐(1 + 1 + 1 + 1)| = 4𝑉𝑐

The distribution factor (Kd) is the ratio of the two voltages:

𝐾𝑑 =
𝑅𝑣𝑐𝑑

𝑅𝑣𝑐𝑐
=

3.831
4 = 0.958

The air gap flux is inversely proportional to the ESCP.  The 
relationship of ESCP to pitch factor (Kp) and distribution factor 
(Kd) is given by (4).

     (4)𝐸𝑆𝐶𝑃 =
2 × (𝑇𝑢𝑟𝑛𝑠

𝑐𝑜𝑖𝑙 ) × ( 𝑠𝑙𝑜𝑡𝑠
𝑝ℎ𝑎𝑠𝑒) × (𝐾𝑝) × (𝐾𝑑)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 𝑐𝑖𝑟𝑐𝑢𝑖𝑡𝑠

B. Concentric Winding

Fig. 5 represents an individual pole-phase group for a 
concentric winding.  These windings can be designed to provide 
similar performance characteristics as their lap winding 
counterparts despite uniquely different insertion patterns.  The 
process for applying Kp and Kd to determine ESCP is dependent 
on the winding type.  The winding type dependency arises 
because lap windings are comprised of distributed coils and 

concentric windings are comprised of concentrated coils.
The definition of distribution factor (Kd) given in Equation (3) 

applies to both lap and concentric coils.  The process for 
calculating (Kd) requires the designer to recognize that the 
individual coil voltages (Vc) are generated in concentrated coils 
and each coil has a unique pitch.  The distribution factor (Kd) is 
simply the sum of ratios of individual coil voltage at each pitch 
compared to itself.  The concentric winding shown in Fig. 5 has 
a Kd value of one (1.0) which is calculated as follows: 

𝐾𝑑 =
𝑅𝑣𝑐𝑐

𝑅𝑣𝑐𝑐
=

𝑉𝑐

𝑉𝑐
+

𝑉𝑐

𝑉𝑐
+

𝑉𝑐

𝑉𝑐
+

𝑉𝑐

𝑉𝑐
=

4𝑉𝑐

4𝑉𝑐
= 1

Fig. 5 Concentric Winding

The pitch factor (Kp) of the concentric wound 50 hp prototype 
is determined from Equation (2).  The concentric winding has 
four different pitches and the pitch factors for each are 
calculated as follows:

Outermost Coil with 1-14 throw:

𝐾𝑝 = sin (90° ×
13
12) = 0.991

Coil with 2-13 throw:

𝐾𝑝 = sin (90° ×
11
12) = 0.991

Coil with 3-12 throw:

𝐾𝑝 = sin (90° ×
9

12) = 0.924

Innermost Coil with 4-11 throw:

𝐾𝑝 = sin (90° ×
7

12) = 0.793

The total ESCP of a concentric winding is the summation of 
individual ESCP at each coil pitch of the coils comprising a pole-
phase group.  Referring to Equation (4), the number of slots per 
phase entered into the equation is one-quarter of the total slots 
per phase entered for the lap winding.  This difference exists 
because the concentric winding example is comprised of 4-coils 
per group and each coil within the group has a unique coil pitch.

C. Tapped Winding Example

To illustrate the tapped-winding concept, a 50 hp (37 kW), 4 
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pole, 1800 rpm LSPMM was selected for analysis and 
prototyping.  The basic design information for this motor is given 
in TABLE IV.

TABLE IV
DATA FOR 50 HP (37 KW) 1800 RPM LSPMM 

Output 50 HP Connection Wye
Poles 4 No. Stator Slots 48

Voltage 460 V Coils/Pole/Phase 4
Freq 60 Hz No. of Parallel Ckts. 2

 Speed 1800 rpm Turns per Coil 9-8-8-8
Torque 145.9 lb-ft Coil Teeth Spanned 13-11-9-7

Fig. 6 represents an individual pole-phase group for a tapped, 
concentric winding.  The leads labeled T1 and T1A represent 
the normal, 4-coil connection and tapped, 3-coil connections, 
respectively.  The bypassed coil when operated on the tapped 
connection is highlighted.

Fig. 6 Concentric Winding Layout

The winding factor, Kw, is defined as the product of Kd and Kp.  
With the normal, 4-coil per pole per phase connection, Kw 
equals 0.927 and ESCP equals 122.370.  When operating on 
the tapped-winding connection, the outermost (9 TPC) coil is 
bypassed, resulting in the new Kw of 0.903 and ESCP of 86.678.

The stator flux is inversely proportional to the ESCP.  The flux 
boost when operating on the 3-coil, the tapped connection is 
proportional to the ratio of ESCP for each winding configuration 
calculated using equation (4).  Using FEA, the calculated flux 
boost needed for NEMA MG 1 Jcr = 40%.  The 41% flux boost 
attainable exceeds the required flux boost for this design.

𝜆boost =  Flux Boost =
ESCPnormal

ESCPtapped

𝛌boost =   =  = 0.41 or 41%
ESCP4

ESCP3

122.370
86.678 ―1

VI. 50 HP PROTOTYPE ANALYSIS

The simulated cage torque and line current vs. speed curves 
for this design when operating on the normal, 4-coil, and the 
tapped, 3-coil connection are given in Fig. 7.  The impact of the 
increased flux can be seen immediately with higher 
asynchronous torque produced across the entire speed range.  
The increased cage torque comes with an increased current 
draw.  Until about 1600 rpm, the tapped-winding connection 
draws more than the allowed starting current for a 50 hp (37 kW) 
design at 460 Volts of 362.5 A [1].  To limit the current draw, the 
tapped-winding can be used with a normal-tapped-normal 

switching scheme that allows the motor to start on 4-coils, 
switch to the tapped, 3-coil connection for synchronization and 
switch back to the normal 4-coil connection for continuous 
operation.

Fig. 7 Cage Torque & Line Current vs. Speed
50 hp (37 kW) LSPMM Normal and Tapped Connections

By focusing on the last 100 rpm in Fig. 8, benefits of the 
tapped-winding design can be readily observed.  The tapped-
winding torque vs. speed curve intersects the load torque curve 
at 1762 rpm.  The normal torque vs. speed curve intersects the 
load torque curve at 1726 rpm.  This difference in slip of 
approximately 2% is significant. This intersection is the point in 
the process where acceleration on the induction cage ends, and 
the synchronization process begins.  The closer to synchronous 
speed that the induction cage can bring the rotor, (i.e. the lower 
the slip) the less energy will be required for pull-in.

Fig. 8 Determination of sfl, 50 hp (37 kW)
LSPMM Normal and Tapped Connections

Fig. 9 illustrates the increase in synchronous torque resulting 
from the 41% flux boost.  The synchronous torque increase 
correspondingly increases Kpe.
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Fig. 9 Synchronous Torque, Normal & Tapped Connections 
50 hp (37 kW) LSPMM

TABLE V summarizes key motor parameters for operation on 
the normal (4-coil) and tapped (3-coil) connections.  As 
indicated by equation (1), the increase in pull-in energy (Kpe) and 
decrease in critical slip (scr) results in a significant increase in 
critical inertia (from 113.0 lb-ft2 to 700.6 lb-ft2).

TABLE V
KEY MOTOR PARAMETERS NORMAL AND TAPPED 

CONNECTIONS 50 HP (37 KW) LSPMM
Parameter Units Normal Tapped

Active 
Coils/Group 4 3

scr  p.u. 0.03522 0.01629
Kpe J 209.8 278.4
Jcr lb-ft2 113.0 700.6

VII. LIMITING INSTANTANEOUS PEAK 
TRANSIENT CURRENT AND TORQUE

A transient current occurs when switching from the normal to 
tapped (or tapped to normal) connection that could result in an 
IPT current level that exceeds the 2.8 times NEMA locked rotor 
amp (LRA) allowable [1].  Fig. 10 shows the three, 
instantaneous line currents, where the peak values of these 
currents must be compared to the limit of 2.8 times NEMA LRA.  
Limiting the magnitude of the IPT current also limits the value of 
the transient torque.

Fig. 10 Instantaneous Line Currents During Acceleration 
with Switching 50 hp (37 kW) LSPMM

When switching from the normal to tapped connection (and 

back) there is an open circuit (or dead-time) period during which 
the phase angle between the supply voltage and motor back 
emf is constantly changing.  To minimize the IPT, the switch 
closings should occur when the phase angle (δoc) between the 
applied voltage (v(t)) and the back emf (e(t)) is small.  See Fig. 
11.  Three methods of switching are discussed below.

Fig. 11 Angle Between Applied and Open-Circuit Voltage

A. Minimize Dead-Time period

The first method is to reclose the switch on the tapped 
connection as quickly as possible to minimize the open-circuit 
dead time (DT).  If DT is minimized, the value of δoc will be small 
and the IPT current minimized.  As shown in Fig. 12, the 
switching should ideally be completed in less than one-half 
electrical cycle.

Fig. 12 IPT Current vs. Dead-Time

B. Measure Phase Angle Between v(t) and e(t)

The second method is to close the tapped-winding contact 
based on the phase angle (δoc) between the applied voltage and 
the back emf.  As shown in Fig. 13, the acceptable range at 
which to close is between +/- 50 degrees.  For this method, it is 
necessary to measure the instantaneous supply and 
instantaneous open-circuit voltages to determine the 
instantaneous value of δoc.
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Fig. 13 IPT Current vs. δoc, 50 hp (37 kW) LSPMM

C. Measurement of Differential Voltage

Method three is to close the switches based on the 
measurement of differential voltage.  The level of IPT current is 
directly related to the magnitude of the instantaneous RMS 
differential voltage between open-circuit , and the open 𝑣(𝑡)
circuit voltage, , being generated by the motor.  The 𝑒(𝑡)
magnitude of this instantaneous RMS differential voltage is 
calculated as follows:

(5)𝑣𝑟𝑚𝑠
𝑖𝑑 (𝑡) =

|𝑣(𝑡) ― 𝑒(𝑡)|
2

, only on each individual voltage magnitude, but also the 𝑣𝑟𝑚𝑠
𝑖𝑑

phase angle between them.  A plot showing the magnitude of 
the IPT current vs.  is given in Fig. 14.  The IPT current 𝑣𝑟𝑚𝑠

𝑖𝑑

shows a direct correlation with the value of .𝑣𝑟𝑚𝑠
𝑖𝑑

Fig. 14 IPT Current vs. Instantaneous Differential Voltage

VIII. EXPERIMENTAL VERIFICATION

The 50 hp prototype was operated at rated load until thermal 
equilibrium was established.  The efficiency, temperature rise 

by resistance, and synchronization capability were determined 
at the steady-state operating temperature.  The test data 
correlated closely with model predictions and the design 
objectives were achieved.  Test results are presented below.

A. Efficiency and Rated Load Temperature Tests

Two steady-state heat-runs and efficiency tests were 
performed on the 50 hp prototype while configured to operate 
in the 4-coil configuration to verify that the tapped-winding 
does not have any detrimental impact on steady-state 
performance.  For comparison purposes, a commercially 
available (non-tapped winding) motor on which this prototype 
is based has a full load efficiency of 96.2% with a stator 
temperature rise below 55°C.  For this testing, the prototype 
motor was coupled to a 100 hp dynamometer and operated at 
460 V, 60 Hz with rated load torque (145.9 lb-ft (197.8 Nm)) 
applied.  A summary of these tests is given in TABLE VI.

TABLE VI
TEMPERATURE RISE AND EFFICIENCY TESTS RESULTS 
Test # Eff. (%) PF (%) Stator Rise (°C)

1 96.31 95.09 50.1
2 96.23 95.08 49.6

These tests show good repeatability and the efficiency and 
measured temperature rise indicate that the tapped-winding 
stator has no negative impact on the steady-state operation.

B. Synchronization Testing

Synchronization testing was performed using a 1000 hp 
dynamometer.  The dynamometer and coupling inertia reflected 
to the motor shaft is within 10% of the NEMA MG 1 specified 
value of 232 lb-ft2 (9.78 kg-m2) for a 50 hp (37 kW), 1800 rpm 
induction motor.  The load machine controller was programmed 
to emulate a “fan curve” whereby the torque varies as the 
square of the speed and the torque at synchronous speed is 
specified by the user.  In this way, the dynamometer provided 
both the load torque and load inertia to evaluate and verify the 
tapped-winding concept.  Verification involved synchronization 
tests starting on the normal connection, switching to the tapped 
connection, and then back to the normal connection.  These 
tests were performed to verify the value of starting current as 
well as the value of the IPT current experienced during the 
switching operations.

Fig. 15 shows the speed and instantaneous rms line current, 
, during an acceleration of rated load torque with 210 lb-ft2 𝑖𝑟𝑚𝑠𝑙

(8.85 kg-m2) load inertia.  The motor was initially energized on 
the normal connection until  reached 39 A (and falling) at 𝑖𝑟𝑚𝑠𝑙
around 6.9 seconds.  At this point, the normal contactors were 
opened, and the tapped contactors closed approximately 20 ms 
later.  The motor successfully synchronized and after 3 seconds 
of operating on the tapped connection, the process was 
reversed and the normal connection re-energized.  The details 
of the switching controller itself are beyond the scope of this 
paper but could be the topic of a future paper on this subject. 
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The applied voltage was measured to be 458 volts line-line 
and the locked rotor current was measured at 346 amps RMS 
(well below the 362.5 amp RMS NEMA B limit [1] for this 
horsepower and voltage combination).

IX. CONCLUSIONS

LSPMMs incorporating a tapped-winding design can start, 
accelerate, and synchronize high-inertia loads by increasing 
electromagnetic flux near the synchronization threshold.  This 
novel design approach provides a practical and easily 
manufacturable solution to a problem that has plagued 
LSPMMs for over 65 years.

Analytic and experimental test results confirm that a tapped 
winding LSPMM motor can:  1) Limit the maximum starting 
current to a value in accordance with the levels prescribed by 
NEMA MG1 [1], 2) Achieve IE5 equivalent efficiency level, and 
3) Improve Jcr capability to be equal to that required by NEMA 
MG1 for an induction motor of the same rating.

Adherence to maximum RMS symmetrical starting current 
limits and instantaneous peak current limits is critical for 
LSPMMs to become viable drop-in replacements for induction 
motors.  Specific system installation equipment concerns 
pertaining to steady-state and transient motor current include 
motor starter size, contactor size, cable size, overcurrent 
protection switchgear, etc.  The tapped-winding method and 
associated switching scheme(s) provide opportunities for 
LSPMMs to replace induction motors in a wide range of 
industrial applications.  Pumps and fans are among the most 
notable applications to benefit from an LSPMM incorporating a 
tapped winding.  LSPMMs with tapped windings will likely take 
a more prominent role in the industry because of their energy 
savings potential and ability to start the same inertial load as a 
general-purpose induction motor of the same power rating.  
Much more detail on this topic can be found in [13].
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