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The Development of Commercially Viable Brush less Doubly-fed Machines 

Chapter 1 

Introduction 

Although the theories supporting the Brush less Doubly-fed Machine (BDFM) 

were laid out at the turn of the 19th century [1,2], only recently have advances in power 

electronic technology, accompanied by industry's desire for lower cost, led to the 
practical implementation of the BDFM. Doubly-fed machines like the BDFM or the 
doubly-fed reluctance machine [3] provide a cost effective alternative to induction 
motors operating as adjustable speed drives (ASDs). Since the induction motor does 

not naturally lend itself to use as an ASD, in these applications it must be accompanied 

by a converter which can supply the motor with variable frequency excitation. 
However, processing all of the apparent power required for an induction motor leads to 

increased cost. Doubly-fed machines offer a solution to this increased cost by their 
ability to run as an ASD while only processing a part of the total rated power. Figure 
1.1 illustrates the different converter requirements of the BDFM as compared to a 
variable speed induction motor system. 

1.1 Description of BDFM 

The rotor and stator of the BDFM exhibit unique characteristics, both structural 

and operational, that differentiate them from other electrical machines. While the basic 

operation of the BDFM is understood [4] and has resulted in successful development of 

the BDFM [5], the complex structure of the BDFM makes complete understanding of 

the BDFM difficult, resulting in ongoing research and development. 
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Figure 1.1: (a) Induction Motor ASD System and (b) BDFM System 

1.1.1 Stator Description 

The stator of the BDFM has two three phase windings layered on top of each 

other, referred to as the power winding and control winding. The power winding 

supplies the majority of the input power supplied to the BDFM, and is fed from the grid. 

The control winding is responsible for the speed, power factor, and efficiency control of 

the machine, and is fed from a converter. To avoid transformer coupling, it is essential 

that the two windings on the stator have different pole numbers. To avoid the potential 
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for subharmonics, the windings must have an integral number of slots per pole per 
phase. In addition, to avoid unbalanced magnetic pull, the pole numbers must be 
separated by more than two. The simplest combination that complies with these 
requirements is the 3/1 pole pair combination used here and in previous laboratory 

prototypes. 

Typically the control winding processes less than 50% of the input power of the 

BDFM, thus the converter requirements of a BDFM as compared to its IM equivalent 

are 50% or less (see Figure 1.1). The converter of the BDFM needs to be bi-directional 

for several reasons. Most importantly, depending on the speed of the rotor, power can 

either flow into or out of the BDFM control winding, and a bi-directional converter 
allows for power to be regenerated back to the grid. Another reason a bi-directional 
converter is desirable, is that it enables precise power factor control of the system by 

processing apparent power on the rectifier side of the converter. 

The existence of two windings in the stator of the BDFM results in additional 

demands on stator. The slots must be deeper than the slots of an induction machine to 

accommodate the extra winding. The back iron must be deeper as well, to 
accommodate the flux due to the low number of pole pairs on the control winding, in 
addition to the superimposed power winding flux. Finally, the teeth of the stator must 

be larger as well, to enable the flux to pass through the teeth to the back iron. 

1.1.2 Rotor Description 

The BDFM rotor is a squirrel cage rotor with one end of the cage modified to 

form the nested loop configuration shown in Figure 1.2. This nested loop configuration 

was introduced by Broadway in the 1970's [61 This configuration is required because 

of the presence of the two stator fields of different pole number, frequency, and possibly 

different sequence. For proper operation of the BDFM, so called synchronous 
operation, the rotor currents produced in response to these two stator fields must be 

constrained to be the same frequency, and this is enabled by the rotor's nested loop 
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configuration [7]. The rotor structure, then, is ultimately responsible for successful 
operation of the BDFM. 

The pole pairs of the stator windings determine the number of nested loops on 
the rotor: 

#nests = Pp + Pc. (1) 

The rotor shown in Figure 1.2 was made for a stator with a 6 pole power winding and a 

2 pole control winding, thus it has 4 nested loops. 

Figure 1.2: BDFM Rotor Showing Nested Loop Structure 

1.1.3 Basic BDFM Operation Principles 

The stator windings are in general excited with different frequencies, and 
possibly different phase sequences. These two excitations on the stator windings 
generate two air gap electromagnetic fields that in turn lead to rotor currents at two 
frequencies of 

fRp = (fp Pp f. ) (2) 

and  

fRc = (fc + Pd..)  (3) 
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When the rotor speed is such that these two rotor frequencies become equal, both air 
gap electromagnetic fields "lock" into each other, enabling full power transfer from the 

stator to the rotor or vice versa. This condition is called the synchronous mode of 

operation for the BDFM. The rotor speed that results in synchronous operation, then, 

can be found by setting equations (2) and (3) equal to each other and solving for the 

rotor mechanical frequency: 

fp fc 
Pp c (4) 

where the control frequency fc is positive if it has the opposite phase sequence as the 

power frequency fp, and is negative if it has the same phase sequence as fp. 

1.2 Thesis Outline 

This thesis presents the design process involved in the development of the rotor 

and stator of a pre-production optimized 5 hp BDFM with a die-cast rotor, from the 
initial evaluation of the desired specifications to design, simulation, construction, and 

finally to testing. Using the results of the 5 hp BDFM design, a 15 hp BDFM was 
designed and manufactured, and the results of that effort are included in this paper as 

well. This complete process, from design to testing, enables a closed loop analysis of 

the design techniques and tools used; the successes of the design can be affirmed and 
the shortcomings identified and corrected. While the primary goal of this paper is to 
produce two successful BDFM prototypes, the secondary goal is to improve the BDFM 

design process. 
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Chapter 2 

A Practical Design of an Optimized 5 Hp Brush less Doubly-Fed Machine 

This chapter presents the design process involved in the development of the 

rotor and stator of a pre-production optimized 5 hp BDFM with die-cast rotor, from the 

initial evaluation of the desired specifications to design, simulation, construction, and 

finally to testing. The goal of this design is to develop a motor which is practical to 

manufacture and whose performance compares well with a comparable commercially 

available variable speed induction motor system. 

2.1 Machine Design 

The basic design specifications for the optimized 5 hp BDFM are shown in 

Table 2.1. To allow for comparison with previously manufactured machines [8] based 

Table 2.1: Basic Design Specifications 

Frame	 NEMA 254 T, Open Drip 
Proof 

Voltage Rating	 230 Volts 
Power Rating	 5 hp (3.73 kW) @ 900 r /min 
Optimized Speed Range	 600 - 900 r /min 
Power Winding Pole Pairs	 3 
Control Winding Pole Pairs	 1 

Load Profile	 Pump 
Maximum Converter Rating	 50% of Machine Rating 
System Efficiency	 Comparable with 8-pole IM 

ASD System Efficiency 
Stack Length	 4 inches 
Rotor Diameter	 6.52 inches 
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on induction motor parts, frame size, rotor diameter, and rating were kept the same. 

Table 2.1 summarizes the baseline specifications for the machine under development, 

which attempts to provide a viable alternative to a 5 hp 8-pole induction drive in a 

limited speed range pump drive. 

2.1.1 Rotor Design 

As explained in Section 1.2, the number of nests of the rotor is determined by 

the stator winding configuration. Table 2.1 defines the pole pairs of the power and 
control winding, thus constraining the rotor to have 4 nests. The number of loops in 

each nest of the rotor are determined by taking into account the expected magnitude of 

the current induced in the rotor, the rotor diameter, and the expected flux densities in the 

machine. Choosing too many loops results either in rotor bar cross-sectional areas that 

are too small to support currents induced in the rotor, or tooth widths that become so 

small that they saturate. Too few loops do not provide for enough definition of the 

MMF reflected back to the stator, introducing harmonics. An additional consideration 

is that the number of slots on the rotor must be different than the number of slots on the 

stator to prevent cogging, or torque pulsations that would occur when the rotor and 

stator slots line up. The number of loops that enabled adequate slot size and tooth width 

while providing enough MMF resolution was 5 loops per nest, which translates to 40 

slots. Figure 1.2 shows a rotor with 4 nested loops, and 5 loops per nest. 

Adequate slot size was determined by considering the magnitudes of the currents 

in the rotor, the conductivity of aluminum which is the material used in the rotor bars, 

and the acceptable current density in the rotor bars. Table 2.2 shows the current levels 

predicted in the rotor by the BDFM simulation program for the optimized BDFM. The 

desired current density for the optimized BDFM was kept at approximately the same 

current density that exists in the non-optimized BDFM, scaled by the ratio of copper to 

aluminum resistivity to reflect the change in rotor bar material from copper in the 

manufactured rotor to aluminum in the cast rotor of the optimized BDFM. The rotor 
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slot area considerations are summarized in Table 2.3. The shape of the slot is 
trapezoidal, providing for uniform tooth width; since non-uniform tooth width would 

saturate at its narrowest point preventing the wider portions from supporting flux, 

designing a uniform tooth width maximizes utilization of rotor iron. During 

experimental evaluation of the final cast rotor structure, however, the trapezoidal bar 

shape lead to some localized saturation (see Chapter 2 Conclusions and 

Recommendations for more detail). 

Table 2.2: Simulated Rotor Currents and Losses 

Rotor Loop Currents @ Power Winding Power Factor = 0.8, T oc co2, T = 39.6 Nm  
@ 900 r /min  

Speed Loop 1 Loop 2 Loop 3 Loop 4 Loop 5 12R  
(r /min) (A) (A) (A) (A) (A) (Inner) Losses  

(Outer) (W) 
600 431.5 189.8 127.6 80.5 28.0 182.4 
650 432.6 212.5 150.6 96.1 33.6 189.4 
700 425.0 241.8 177.2 113.7 39.8 207.4 
750 432.1 277.7 208.9 134.8 47.4 236.0 
800 457.9 322.7 245.7 158.9 55.9 287.4 
850 504.4 379.3 290.4 187.8 66.2 370.9 

Table 2.3: Rotor Slot Area Calculation 

Max Current Density, non-opt BDFM 14 A/mm2  
(Copper bars)  
Resistivity of Copper @ 75° C 2.10e-8 ilm  
Resistivity of Aluminum @ 75° C 3.32e-8 f/rn  
Maximum Rotor Current z- 500 A  
Max Desired Current Density (opt BDFM, 9 Ahnm2  
Aluminum bars)  
Required Slot Area 55 mm2  

Another consideration that was made in determining the rotor geometry is the 

depth of the slots. While an induction motor operates with low slip frequency currents 
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in the rotor at steady state, the BDFM rotor currents are governed by equations (2) and 

(3) in Chapter 1. These equations results in steady state rotor current frequencies 

between 15 and 30 Hz over the optimized speed range of 600 - 900 r/min. Since the 

BDFM has higher frequency currents in the rotor at steady state than an induction 

motor, designing the rotor slots too deep would result in poor utilization of the rotor 

conductors due to skin effect, which would tend to crowd the current towards the upper 

surface of the bar. Studies have shown [9] that even at frequencies as low as 50 Hz, 

skin effect results in significant crowding in rotor bars, resulting in the need to minimize 

rotor slot depth. Finally, the skew of the rotor was specified to be one stator slot pitch, 

or 10°, along the length of the rotor. Skewing the rotor by one slot is a standard skew 

that represents a balance between the desired effect of reducing the space harmonics in 

the air gap flux density introduced by slotting, while keeping the negative effects: 
reduced e.m.f., increased rotor leakage flux, non-uniform air gap flux density, to a 
minimum. Figure 2.1 shows part of a rotor lamination, illustrating the geometries as 

described above. 

Slot Detail 
(I of 40) 

FOR 82.65 r= 1.00  

IR= 74.00,  

11 II

R-84.03  
after  

Turned Down)  
I 4.60° 

II II 

5.06° 

Figure 2.1. Rotor Lamination for Optimized 5 Hp BDFM (All Dimensions in mm) 
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2.1.2 Stator Design 

The 254T open drip proof frame, as mentioned earlier, constrains the maximum 

outside diameter of the stator. The inside diameter of a given NEMA frame size varies 

from one manufacturer to another; in this case the 'inside diameter of the frame is 

11.125 inches. The inside diameter of the stator is constrained mainly by the 'rotor 

diameter, which is 6.52 inches. With the width of the stator thus constrained to be 

(11.125-6.52) / 2 = 2.30 inches, the remaining design of the stator is the design of the 

dimensions of the slots, teeth, back iron, and air gap. Due to the fact that the BDFM 

has two windings wound in the same slots, the demands on the slot size are increased. 

The increased flux caused by the two windings, most significantly the two-pole 
winding, puts additional demands on the back iron as well as the tooth width to enable 

the flux to pass through the teeth to,the back iron. All of these conflicting demands lead 

to a process of evaluating a series of tradeoffs between current densities, flux densities 

of back iron and teeth, fill factor, and efficiencies. Ultimately, the slots must be large 

enough to accommodate enough wire to keep current densities acceptable, fill factor 

realistic, and copper losses minimal, but small enough to allow enough iron in the stator 

to keep the machine out of saturation. 

The design tool used to evaluate these tradeoffs was a computer simulation 
package called the Multiple Loop Model (MLM) of the BDFM. The Multiple Loop 

Model uses a steady state model of the BDFM, and derives its name from its modeling 

each of the BDFM rotor loops as a separate circuit [10], as opposed to modeling all of 

the loops as a single circuit as was done in the Single Loop Model (SLM), the 
predecessor of the MLM [11]. The simulation works in the following manner: after the 

machine geometries and winding information are completely described, the user 

specifies the speeds at which he wants to simulate the BDFM, the power winding power 

factor that is desired, and the load torque. With this information, the simulation is able 

to calculate the currents and control voltage levels that result from solving the equations 

http:11.125-6.52
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that define the BDFM, and any parameters related to these, such as flux densities, 

efficiencies, and losses. The user's manual for this simulation gives the practical 
information needed to run the simulation, as well as some additional information about 

the mechanics of the programs [12]. The BDFM simulation package was used as a 

design tool to evaluate the many tradeoffs inherent to the BDFM design. Parameters 

were often incrementally varied and their effect on the entire BDFM observed until an 

optimized operating point was found. In the early stages of the design, the specification 

of some of the fundamental parameters defining the machine, like those specified in 

Table 2.1, along with an approximate description of the rotor and stator slots, is 
sufficient to run the simulation and get preliminary estimates of machine currents, 

voltages, flux densities, etc. While the simulation has close to 100 variables, most of 

them have default values to aid in preliminary simulation runs. In many cases, the 

design program is not sensitive to inconsistencies or inaccuracies that may occur in the 

early design phase, for example specifying rotor tooth and slot widths that sum to more 

than the circumference of the rotor. While this allows for use of the simulation with an 

incomplete design, it also requires the designer to make sure that the inconsistencies are 

resolved later in the design to prevent errors. 

For the same reasons described for the rotor, the most efficient use of the stator 

iron leads to a uniform tooth width. The stator slots, then, are constrained to be 

trapezoidal in shape as shown in Figure 2.2. To avoid the potential for subharmonics, 

the windings generally have an integral number of slots per pole per phase. To meet 

this requirement, the number of stator slots must be factorable by both 3*2*Pp and 

3*2*Pc; in this case, by 18 and 6. 36 slots comply with this requirement, and allow 

appropriate space for the necessary slot, tooth, and back iron areas. Using the computer 

simulation, various slot widths and heights were tried, evaluating the saturation levels in 

the stator iron, as well as maintaining realistic slot fill factors and conductor current 

densities. The thickness of the teeth in the stator was coordinated closely with the 

thickness of the back iron with regard to saturation, ideally keeping the flux densities in 

each below 1.5 Teslas. Since the BDFM has two windings on the stator, the flux in the 

machine is the sum of two sinusoidally distributed flux waveforms, which have 
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Figure 2.2:5 Hp Stator Geometry 
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Figure 2.3: 'Snapshots' of Flux Density Levels in the Stator of the BDFM at Two  
Different Times Corresponding to Maximum and Minimum Composite Flux Density  

different periods and generally travel in opposite directions. Thus, at any given 

moment, the instantaneous sum of the fluxes produces a maximum that both varies in 

magnitude and location in the stator, as illustrated in Figure 2.3. Typically, the iron 

used in electric machines saturates at approximately 1.5 Teslas, varying slightly 
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depending on the specific material used. While it is desired to keep the flux density 

below 1.5 Teslas, the peak of the composite flux wave may exceed 1.5 Teslas, but 

effectively only saturates a small number of teeth or a small part of the back iron. Since 

it has not yet been determined what flux density level leads to degraded performance 

due to saturation, determining an acceptable maximum flux density is a somewhat 
qualitative evaluation of how high the peak flux density can be, or equivalently of how 

many teeth or how much back iron can be in saturation without resulting in degrading 

machine performance. For the design of this machine, the maximum flux density level 

was kept below 2.3 Teslas, a value that, at worst case, only saturates approximately 20% 

of the back iron. 

2.1.3 Winding Design 

The winding design evolved concurrently with the stator and rotor geometry 

designs, since ultimately the windings determine currents and fluxes in the machine. 

Two of the parameters that most effect the machine performance are the power winding 

turns per coil (TPCp) and the air gap length. Both of these parameters are closely 
related to the inductance in the machine and thus directly affect currents and fluxes in 

the machine, which in turn affect the converter rating and flux densities. Optimizing 

these two parameters establishes the base of the winding design. The optimum air gap 

was determined to be .8 mm. A larger air gap resulted in higher than desired currents 

and a low efficiency, and a smaller air gap resulted in flux density levels that were too 

high. 

An additional parameter that was optimized was the turns per coil of the control 

winding (TPCc). Increasing TPCc increases the control voltage and decreases the 

control current, while decreasing TPCc has the opposite effect. The TPCc is set such 

that at rated torque in the optimized speed range the control voltage is maximized to 230 

volts, which is the output voltage rating of the inverter supplying the control winding 
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power. Maximizing the voltage reduces the control current to a minimum, reducing 12R 

losses and improving efficiency. 

The winding specifications are shown in Table 2.4, and the winding diagram is 

shown in Figure 2.4. The conductors were determined such that the fill factor was 

reasonable (47%), the current densities of the windings was such that damage would not 

occur (less than 6 A/mm2), and the losses incurred by each of the windings were 

relatively evenly distributed. 

Table 2.4: Winding Specifications 

6 Pole Winding 2 Pole Winding 
Coils per Pole 2 6 
Pitch 5/6 (1 to 6) 15/18 (1 to 16) 
Turns per Coil 12 14 
Conductors 3#18 2#19 
Connection Wye Wye 
# of Layers 2 2 

The simulation results in Table 2.5 are typical of what is used to determine 

whether or not a given design is acceptable. The output of the simulation is similar in 

format to results from an actual test of a BDFM. In an actual test, typically the BDFM 

is brought to a certain speed with a certain load torque, then the control current is varied 

(assuming a current controlled converter), which results in the BDFM operating at 
various power winding power factors and various efficiencies. In the simulation, speed 

and torque are also specified, but the third parameter that is varied is power winding 

power factor, which then produces the remaining results as seen in Table 2.5. 
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Figure 2.4 Winding Diagram Showing () Power Winding and (b) Control Winding 

The load or gamma angle of the BDFM, the last parameter in Table 2.5, can be 

viewed as similar to a synchronous machine load angle. The synchronous machine load 

angle determines torque production and corresponds to the angle of the rotor field with 

respect to the stator field. The BDFM load angle also determines torque production of 

the machine, but corresponds to the angle between the control and power fields as seen 

by the rotor after transformation to the dq-domain [10]. 



Table 2.5: Simulation Results (Desired Operating Points Highlighted) 
5 hp build at ull pump load, T - wA2 

TPCp=12.00 TPC14.00 Fill Fact = 46.61 Alrgap=0.00080 DSet3.1674 t2=0.0080 h=0.02363 Lcrd2=0.0330 0.0.=0.28284 
Nr Te vc lc Pfc Ip Pfp P6 Op Elf Pm Sc./Pm Sc(kVAJ P2 Qc Prcu Pccu Ppcu Bgtot Bbi6 Bbi2 Bbitot Bt6 Bt2 Bttot Gamma 

600 17.6 181.1 5.36 -0.13 5.13 0.9 1.83 0.9 68.23 1.11 152.1 2.14 -0.21 1.7 233.6 217.2 52.4 0.78 0.148 1.552 1.7 0.306 1.119 1.425 152.87 
600 17.6 165.7 4.67 -0.22 5.73 0.8 1.82 1.38 72.39 1.11 121.28 1.86 -0.29 1.3 182.9 164.8 65.3 0.721 0.166 1.352 1.518 0.341 0.975 1.316 153.4 
600 17.6 149.8 4.02 -0.34 6.54 0.7 1.82 1.87 75.63 1.11 94.26 1.6 -0.36 1 143.2 121.8 85.2 0.673 0.189 1.163 1.352 0.39 0.838 1.228 153.93 

600 17.6 105 2.89 -0.83 9.43 0.5 1.89 3.25 76.07 1.11 4745 1.15 -044 0.3 1014 62.9 176.9 0.638 a272 0.835 1.108 0.562 0.602 1.164 154.87 

650 20.66 145.5 5.45 -0.14 6.03 0.9 2.16 1.05 71.71 1.41 97.67 2.17 -0.2 1.4 243.9 224.3 72.4 0.82 0.174 1.577 1.752 0.359 1.137 1.497 147.47 
650 20.66 129.7 4.7 -0.27 6.75 0.8 2.15 1.62 75.47 1.41 75.04 1.87 -0.28 1 189 166.6 90.6 0.757 0.195 1.36 1.555 0.402 0.98 1.382 147.87 
650 20.65 113.4 4.05 -0.43 7.72 0.7 2.15 2.2 77.76 1.41 56.57 1.61 -0.34 0.7 151.2 123.8 118.7 0.715 0.223 1.172 1.395 0.46 0.845 1.305 148.13 

650 20.65 64.2 3.55 -0.94 11.48 0.5 2.3 3.95 72.93 1.41 28.08 1.41 -0.37 0.1 150.7 95.2 262.3 0.781 0.332 1.028 1.359 0.684 0.741 1.425 146.47 

700 23.95 111.3 5.61 -0.14 7.04 0.9 2.52 1.22 74.11 1.76 61.6 2.24 -0.15 1.1 261.7 237.8 98.6 0.871 0.203 1.624 1.828 0.42 1.171 1.591 140.33 
700 23.96 95.8 4.85 -0.29 7.88 0.8 2.51 1.88 77.17 1.76 45.84 1.93 -0.24 0.8 205.8 177.5 123.6 0.811 0.228 1.403 1.631 0.47 1.012 1.482 140.27 

700 23.95 59.5 4.02 -0.74 10.82 0.6 2.6 344 76.46 1.76 23.59 1.6 -0.31 0.3 171.5 121.9 233.1 0.812 0.313 1.163 1.476 0.645 0.838 Ezmianzi 
700 23.95 27.7 4.88 -0.88 14.11 0.5 2.83 4.86 66.97 1.76 13.32 1.94 -0.21 0.1 262.9 179.9 396.4 1.018 0.408 1.413 1.82 0.841 1.018 1.86 121.67 

750 27.5 79.3 5.88 -0.08 8.17 0.9 2.93 1.42 75.4 2.16 37.39 2.34 -0.07 0.8 290.8 261.1 0.939 0.236 1.702 1.938 0.487 1.714 129.67 
t 

750 49.7 4.73 -0.45 10.6 0.7 2.97 3 77.51 2.16 18.87 1.89 -0.18 0.4 216.6 169.2 223.5 0.887 0.306 1.676 0.632 0.988 1.619 125.2 
750 27.5 30.1 4.93 -0.6 12.94 0.6 3.11 4.11 73.11 2.16 11.92 1.96 -0.16 0.2 253.4 183.6 333.1 0.986 0.374 1.427 1.801 0.771 1.029 1.8 112.8 

MU gragnimg800 31.29 50.9 6.28 0.11 9.47 0.9 3.4 1.64 2.62 0.06 0.6 335.5 298 178.6 1.027 0.274 2.092 0.565 1.311 1.876  
,r .,  . \ 

800 31.29 26.4 -0.08 12.47 0.7 3.5 3.53 75.37 2.62 9.58 2.19 -0.02 0.3 292.5 228.2 309.6 1.035 0.36 1.591 1.952 0.743 1.147 1.891 91.13 

850 31.6 6.87 0.62 10.97 0.9 3.94 1.89 75.27 3.14 11.96 2.74 0.23 0.3 404.3 356.5 239.7 0.317 1.989 2.306 0.654 2.088 71.53 

http:TPC14.00
http:TPCp=12.00
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2.2 Construction 

Due to the unique configuration of the BDFM's rotor, a mold had to be custom 

made for the casting process, and was made by the subcontractor responsible for casting 

the rotor. The rotor laminations were laser cut, and the rotor bars were die-cast. Die-

casting is a process by which standard squirrel caged induction motors are made, and 

which thus represents a significant step towards the commercial viability of the BDFM 

[13]. In the BDFM, more so than in induction machines, insulation of the rotor bars 

from the rotor iron is critical to successful operation. In the non-optimized BDFM this 

was less of an obstacle because the rotor was manufactured, manually inserting lacquer-

coated copper wire into rotor slots. For the optimized BDFM, the rotor was die-cast, 

and several rotors cores were made, each undergoing a different process to try to 
achieve rotor bar insulation while maintaining a commercially practical process. The 

rotors were turned down, as opposed to ground down, to their final diameter, another 

process which is standard for squirrel cage rotors. The rotor is designed with a larger 

diameter than is desired for operation to assure that the bridge of the rotor does not get 

damaged during the casting process due to the large pressures used during casting. 
After casting, the excess diameter is removed to minimize the bridge for operation. 

Finally, the completed rotors were tested to determine which process resulted in the best 

rotor [13]. 

The stator laminations were laser cut as well, and were welded into a stack, 
pressed into the frame, and wound, again in a fashion similar to the construction of an 

induction machine stator. Because a different convention was used for specifying the 

pole pitch by the contractor who wound the stator, an error resulted in the winding of 

the BDFM, resulting in pole pitches of 4/6 and 14/18 for the 6 and 2 pole windings 

respectively. This error resulted in high control winding currents, and necessitated the 

rewinding of the 6 pole winding with the originally designed pole pitch. The 2 pole 

winding is distributed among more slots (see Figure 2.4), thus its performance was not 



19 

significantly compromised, and it was not rewound; the machine still has a 14/18 2 pole 

pitch. This likely results in slightly degraded performance due to the control winding 

e.m.f. being lower than desired. To aid in avoiding this error in the future, both 
conventions are used when specifying the pole pitch in Table 2.4. 

r 

2.3 5 Hp Test Results 

Detailed test results for the optimized 5 hp BDFM are shown in Appendix A. 

The optimized 5 hp BDFM performed better than its non-optimized predecessor 
(Appendix B), and a comparison will also be shown with its induction machine 
equivalent, an 8-pole 900 r/min 230 volt induction machine drive (Appendix C). 

One of the improvements of the optimized BDFM as compared to the non-

optimized BDFM is illustrated by Figure 2.5. Figure 2.5a shows the saturation 
characteristic of the 2 pole winding of the non-optimized 5 hp BDFM with its induction 

motor stator, and Figure 2.5b shows the saturation characteristic of the 2 pole winding 

of the optimized 5 hp BDFM with its custom stator. The benefit of the improved 
saturation characteristic is lower currents at a given load, which translates to fewer 

losses and higher efficiency. The improved utilization of the space in the 254T frame 

resulting in a larger back iron is responsible for the improved saturation characteristic of 

the optimized BDFM compared to the non-optimized BDFM. 

Figure 2.6 shows a comparison of efficiencies between these two BDFMs with a 

constant torque load. The BDFM with the custom stator is consistently 3 to 4 percent 

more efficient than the BDFM with the IM stator. Of even greater interest is the 
comparison of the optimized BDFM with a commercially available induction drive that 

is comparable in rating and operating range to the BDFM. While the additional winding 

on the stator of the BDFM introduces more losses than an IM winding would incur, only 

a fraction of the power is processed in the converter of the BDFM, which reduces 

converter losses. The design of the BDFM should result in these two conditions 
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Figure 2.5: Saturation Curves for BDFM 2-pole winding with (a) IM Stator and (b) 
Custom Stator 

offsetting each other to result in an efficiency that is at least as good at the efficiency of 

an induction motor drive. Ultimately, the commercial viability of the BDFM will 

depend on it performing well against already available adjustable speed drive systems. 

To facilitate this comparison, an off the shelf 8-pole, 900 r/min 230 volt induction 

machine and a converter rated at 5 hp were purchased and tested; the nameplate data is 

shown in Table 2.6. The motor and drive are both made by Baldor. 
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BDFM Efficiencies for Constant Load (23.5 Nm) 
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Figure 2.6: Experimental BDFM Efficiency Comparison (With Rotor `7': Iron Oxide,  
Quenched)  

Table 2.6: Nameplate Data from 8-Pole Baldor IM Motor and Drive 

Motor: Cat# M2504T Drive: Cat# ID15H205-E 
Frame Size NEMA 254T FLA Input 15.7 A 
Rated Power 5 Hp Hp Out 5 Hp 
Rated Voltage 230 V kW Out 3.7 kW 
Rated Current 19.6 A FLA Out 15.2 A 
Rated Speed 850 r/min Pk A Out 30.4 A 

The efficiencies of the non-optimized BDFM, the optimized BDFM, and the 8-

pole induction machine system are shown in Figure 2.7. 
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System Efficiencies for 80% Load @ 900 r/rrin, T w\3, BDFM Converter Efficiency = 96 c/c. 
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Figure 2.7: System Efficiencies, Using Untreated, Quenched Rotor 

It is important to understand why the BDFM requires a derated converter as 

compared to an equivalent induction motor, and how this results in significant reduction 

of converter losses. Figure 1.1 shows a representation of an induction motor configured 

as a variable speed drive, and a BDFM. The induction motor converter must be rated to 

accommodate both the real and reactive power required of the motor, and the induction 

motor system efficiency must include the losses incurred by both real and reactive 

power processed through the converter. The BDFM's converter, on the other hand, only 

processes control power, so the BDFM system efficiency only needs to include 

converter losses caused by the 2 pole power, which is significantly lower than the 6 pole 

power. In the calculation of the BDFM system efficiency, the control winding reactive 

power can neglected to simply the calculation, while not introducing much error. This 

is because at the optimum efficiency operating point, the reactive power processed by 
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the 2 pole winding is very small, as can be seen in the test results shown in Appendix A 

and B. 

For the induction motor system, 

Pout Pout Pont  
Ilsys im = D D (3)  

in I out + Ploss Pout + Plosson+ Ploss,c Pin,m Ploss,c  

Pin 
(4)Ploss,c Pin,m  

c  

but we must take apparent power into account, since motor reactive power also incurs 

losses in the converter: 

1 -77cPin,m 
(5)

pf go 

Now, substituting equation 5 into Pioux in equation 3, and knowing that Pout/Pin,,n =Tim 

Pow pf* qw* no (6)qsys.im= 
P.:non 1 ) pf * Tio +1 qo71cP 
pf 

For the BDFM system, 

'm 77c 

Pmech  
77sys,BDFM = (7)  

P6 + P2,8  

(8)P2,m = P2,8* c 

as already mentioned, equation (8) assumes that the reactive power processed in the 

BDFM converter is small. Combining (7) and (8), 

Pmech 
que,BDFM (9)

P6+P2../qc 
where P2,, is the 2 pole power between the converter and the motor, and P2,g is the 2 

pole power on the grid side of the converter. 

As illustrated by Figure 2.7, the efficiency for the optimized 5 hp BDFM 
compares favorably with the efficiency of a comparable 5 hp variable speed induction 

machine and drive at high speeds. At low speeds, however, the induction motor drive 

clearly is more efficient. As the speed was further reduced in the target speed range, the 

difference becomes more pronounced. This result is attributable to inter-bar leakage 
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currents that increase with increased rotor current frequency in the BDFM. The rotor 

current frequency increases with increased slip, that is, as the speed of the rotor moves 

away from 1200 r /min, at which speed the frequency of the rotor currents is zero. These 

increased losses, then, are responsible for the progressively lower efficiencies of the 

BDFM as seen in Figure 2.7. This phenomena is called the parasitic induction motor of 

the BDFM, and it is directly related to the degree of rotor bar isolation that is achieved 

in the treatment of the rotor before die-casting [13]. This design represents the first 

attempts at these rotor treatment procedures for the BDFM, and as knowledge and 

experience is gained, the performance of the BDFM at low speeds is expected to 
improve by several percentage points [13]. Another important consideration concerning 

the performance of the BDFM at low speeds is that with a T oc co3 load profile, the 

power at low speeds is small, and thus the resolutions are not good. 

Another parameter listed in Table 2.1 that warrants discussion is the required 

(maximum) kVA rating of the converter. One of the design goals of the optimized 5 hp 

design was to limit the converter rating to 50% of the machine rating. The maximum 

required converter rating is found by multiplying the maximum required converter 
current by 230*sqrt(3). From the full load test in Appendix A.2, this is seen to be 
between 5 and 6 amps and occurs at 850 r /min, resulting in a maximum required 
converter kVA rating of just over 2 kVA. This compares to a machine mechanical 

rating of 3.73 kW and an equivalent induction machine apparent power rating of 3.73 / 

pf / q, which is in excess of 5 kVA. With the 5 hp drive that was purchased for 
comparison, Table 2.6 shows that the converter rating was 15.7 A, which corresponds to 

a converter rating of 6.25 kVA. The design goal is thus met. In addition, the 
manufacturer of the induction motor and drive recommended that a 10 hp (7.46 kW) 

drive be purchased to run the 8 pole induction machine due to the high currents drawn 

by the motor. Comparing the current ratings of motor and drive in the nameplate data in 

Table 2.6 shows that the manufacturer's concerns are warranted, since the FLA output 

of the drive is below the rated input current of the motor. While the 5 hp drive can 

operate for a finite period of time supplying a current above its FLA output, it cannot 

operate this way indefinitely. Internal timing protection shuts down the drive based on 
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how much over the rated FLA is being provided to the motor for how long. The 7.46 

kW drive required to drive the 8 pole IM on a long term basis represents a drive 
requirement that is on the order of three times larger than that needed by the BDFM. 

2.4 Discussion 

The goal of the design of the optimized 5 hp BDFM was to bring the 
development of the BDFM past the proof of concept stage; to establish that the BDFM 

is commercially viable in its niche as a limited speed range variable speed pump drive. 

The main characteristics of the design that are used to determine commercial viability 

are cost and efficiency. Cost has been referred to qualitatively, taking into account two 

factors: the reduced converter size required by the BDFM, and the manufacturability of 

the BDFM using techniques that, for large volumes, would not incur any extra cost 

above what is expected for an induction motor. The latter factor includes the casting of 

the rotor, the use of standard NEMA frame sizes, and 'turning down' the rotors. The 

efficiency of the BDFM system was quantitatively compared to the efficiency of a 

variable speed 900 r /min 8 pole induction motor system, and the results as shown in 

Figure 2.7 shows that the BDFM system efficiency is competitive with the induction 

motor system at high speeds. While .there is still room for improvement, especially at 

lower speeds where the induction motor system has higher efficiency than the BDFM, 

the results certainly show that the BDFM has the potential to provide at least equal 

performance to an induction motor system at a reduced cost in some applications. It is 

realistic to assume that future BDFMs, incorporating knowledge from this and 
following designs, will have improved performance. This improved performance is 

largely linked to improvements in the rotor casting process, which is described in [13]. 

The design process relied heavily of the computer simulation of the BDFM, and 

it is in the interest of future BDFM development to evaluate the accuracy of the 

simulation. The torque, speed, and power winding power factor from the test results 

from Appendix A.1 were input into the simulation, and the simulation was run. Figure 
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2.8 shows a comparison of the output of the simulation compared to the actual test data 

for some critical parameters. The curves in Figure 2.8 show comparisons of Vc (control 

voltage), I6 (power current), 12 (control current), and efficiency. The first conclusion 

that can be drawn from Figure 2.8 concerns the overall accuracy of the simulation; the 

simulation voltages and currents have the same tendencies as the test results, with some 

offset. The efficiencies of the simulation follow the test efficiency tendencies as well, 

but are predictably higher, as the simulation only takes I2R losses into account. It can be 

said therefore that the model that provides the basis for the simulation, while having 

room for improvement, does produce generally accurate results. The continued 

development of the simulation package to provide a more accurate simulation of the 

BDFM is an ongoing process, and should continue with BDFM development. In the 

near term, however, knowing how the simulation varies from test results can be used to 

compensate for the inaccuracies of the simulation. 

Another conclusion that can be extracted from Figure 2.8 concerns saturation. It 

is important to note that the simulation is based on a linear model of the BDFM, 
therefore it does not take saturation into account. In the BDFM, the 2-pole winding is 

the dominant contributor to flux density (see Fig.2.3), and the 2-pole flux density is the 

highest at high speeds (see Table 2.5), when the 2-pole currents are the highest. At low 

speeds, flux density levels are low, and no saturation is expected. Therefore, if the 

machine is in saturation, it would be expected that the test results at high speeds (850 

r/min) would vary from their simulation counterparts differently than they vary at low 

speeds (600 r/min). A comparison of the 850 r/min and 600 r/min waveforms in Figure 

2.8 show that while some offsets may be different, the waveforms have the same 
relationships at high and low speeds, indicating that the BDFM is not affected by 
saturation at high speeds. In describing the stator design, the somewhat qualitative 

evaluation of the acceptable maximum flux density was discussed along with the 

illustration of Figure 2.3. Ideally, the machine geometries should be designed in such a 

way as to have the machine operate on the edge of saturation, to take full advantage of 

the distribution and volume of iron in the machine. Since Figure 2.8 shows no 
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saturation, one can conclude that the machine could have been designed with a higher 

maximum flux density. 

With the accuracy of the simulation evaluated, an evaluation of the accuracy of 

the design as compared with the tested machine can be made. Table 2.5, the design 

results, and Appendix A.2, the test results, are compared in Figure 2.9. Figure 2.9a 

shows a comparison of the maximum efficiencies over the speed range, and Figures 

2.9b and 2.9c show the currents and voltages of the machine over the speed range at 

maximum efficiency, respectively 

Figure 2.9 confirms many of the relationships established in Figure 2.8 between 

the simulation and the test results, such as the overall accuracy of the simulation as well 

as some of the offsets that exist in the simulation. The difference in the maximum 
efficiency between the design and test results is due to the simulation only taking into 

account 12R losses, and not taking the core loss or parasitic induction motor losses into 

account, which are the greatest at low speeds. The tendency of the BDFM to have high 

leakage losses, and thus low efficiencies at low speeds has already been documented 

and discussed, and is illustrated in Figure 2.9a as well. With respect to system design, 

the current and voltage offsets have the potential to pose significant problems. The 

control voltage and current are both designed to be within the capabilities of the 
converter, and larger than expected values could result in an undersized converter. In 

this design, the converter was designed to be able to accommodate currents significantly 

larger than those required for a 5 hp BDFM, and the output voltage rating is 230 volts, 

so there was no danger of exceeding converter ratings. In an industrial design, however, 

the converter would be rated much closer to the designed current and voltage levels for 

economic reasons, and care would have to be taken not to exceed ratings. Control 

currents and voltages smaller than the design levels would result in an overdesigned 

converter, and thus would incur a larger cost than necessary. 

Figure 2.9c shows that at maximum efficiency, both the design and test control 

voltage levels are considerably lower than the voltage rating of the converter. This is 

due to the design not focusing on the maximum efficiency points, but instead allowing 
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for operation over a wide range of operating points at a given speed without exceeding 

design specifications. For example, Table 2.5 shows that at 600 r/min the control 

voltage begins to approach 230 volts at higher control currents. Since future designs of 

converter control logic will restrict BDFM operation to the maximum efficiency point 

of a given speed, future designs will design around maximum efficiency points. 

A further concern of both control and power currents exceeding design levels 

has to do with the ratings of the windings of the stator. The windings are designed for a 

certain maximum current density, and if significantly exceeded, would lead to increased 

12R losses, increased heating of the machine, and possibly thermal destruction of the 

windings. Lower than expected currents could result in non-optimal copper distribution 

between the power and control windings, as well as in overdesigned windings, which 

results in extra expense. 

Another analysis done on the 5 hp BDFM was a loss analysis. The resistances of 

the power and control windings were measured, and the 12R losses calculated. The total 

power losses, Pin - Pout, were obtained from Appendix A.1, as were the efficiencies of 

each operating point. Subtracting the winding 12R losses resulted in the 'other' losses, 

including rotor I2R losses, friction, windage, and leakage losses. Table 2.7 shows the 

results. The loss analysis illustrates once again what was seen in Figures 2.7 and 2.9 

concerning parasitic induction motor losses. Specifically, at high speeds, when the 

parasitic induction machine losses are expected to be low, the simulation and the test 

result losses are close. At lower speeds, however, the test machine 'other' losses, which 

include the losses, become very large, and thus the simulation and test results diverge. 

Table 2.7: 5 Hp BDFM Loss Analysis at Maximum Efficiency Points 

Speed Test Losses: R6=.52C2, R2=2.1052 Sim Losses: R6=.6652, R2=2.5152 
r/min Ploss Ppcu Pccu Other Ploss Ppcu Pccu Prcu 
850 738.7 260.1 96.3 382.3 539.1 195.2 152.3 191.6 
800 680.4 258.0 62.4 360.0 414.5 168.4 105.6 140.5 
750 644.0 244.8 44.1 355.1 361.9 198.5 60.9 102.5 
700 653.9 248.1 29.7 376.1 283.8 170.7 38.4 74.7 
650 747.9 241.5 23.4 483.0 213.6 118.0 34.7 60.9 
600 828.0 270.6 3.9 533.5 186.1 102.1 30.3 53.7 
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This design was based on allowing for a wide range of operating points at any 

given speed, to assure that the machine would run successfully, even if the simulation 

varied greatly from the actual performance of the machine. Now that the simulation 

package and design process have been established, future design can focus on a 
narrower range of operation, concentrating on maximum efficiency points of operation. 

Furthermore, through good design practices, the maximum efficiency can be increased. 

Careful design of the stator windings is critical in attaining the maximum efficiency of 

the machine. Proper loss allocation, the optimum distribution of copper between the 

control and power windings, can increase maximum efficiencies by several percentage 

points. In addition, designing the windings to each provide enough reactive power to 

provide their own magnetizing current at or near to the maximum efficiency points will 

further raise the maximum efficiency by preventing magnetizing current from being 

drawn from one winding to the other through the rotor, which increases rotor I2R losses. 

These design optimization principles were developed during the design of this 5 hp 

BDFM, and were implemented throughout the design of the subsequent 15 hp BDFM 

prototype and will be discussed further in that context. 

2.5 5 Hp BDFM Conclusions and Recommendations 

Figure 2.9 shows that the BDFM performed reasonably close to what was 
predicted by the design, and Figure 2.7 shows that the BDFM performance is 
approaching that of a commercially available variable speed induction motor system. 

Based on observations of the test results, however, there are several aspects of the 

design that need improvement. 

Figure 2.5 showed a dramatic improvement in the saturation characteristic of the 

2 pole winding. Figure 2.10 shows the magnetization of the 6 pole windings of the non-

optimized BDFM and the optimized BDFM. It is evident in Figure 2.10b, especially 

when compared to the reference straight line, that some saturation due to the 6-pole 

winding exists that does not exist for the 6 pole winding of the non-optimized BDFM, 



32 

despite the increased back iron of the optimized BDFM. The cause of this slight 
saturation is due to the shape of the rotor slot. The optimized design used trapezoidal 

shaped slots for the reasons described earlier. This shape, however, resulted in a long, 

narrow bridge (see Fig. 2.1). When a stator tooth lines up with a rotor slot, the flux 

from the stator tooth sees a thin bridge, behind which is aluminum, effectively 
producing a very large air gap. As the flux goes around the rotor slot, the iron on the 

edges of the slot saturates, causing the effect seen in Figure 2.10. Future designs should 

avoid this problem by rounding the tops of the rotor slots. 

Another concern that arose during the testing of the optimized BDFM was a 

visible heating discoloration of the rotor core of some of the rotors next to the innermost 

6 Pole Magnetization Curve  
IM Stator, Manufactured Rotor BDFM  

(a) 

Figure 2.10: Saturation 
Characteristics of the 6 
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bars on the side of the rotor with the nested end ring. This is attributed to leakage 

currents caused by the different voltage potentials induced on the nested end ring. The 

currents are drawn to the innermost loop from both sides of the nested loops because of 

the large potential difference between the innermost loop and the outer loops. This 

leakage current was already discussed in relation to the losses and reduced efficiency 

they caused in the machine, especially at low speeds. While improved rotor bar 

insulation will reduce this phenomena, to try to further alleviate this problem in the 

future, the next design will provide the innermost loop with a greater distance between 

the bars, and the connecting bar on the nested endring will be back from the edge of the 

rotor, similar to the connecting bars of the other loops. Also concerning the rotor bars, 

it is evident from the values in Table 2.2 that the different loops in the rotor carry 
significantly different current levels. To reduce rotor losses and thus improve 
efficiency, the rotor bars can be made differently sized, proportional to the amount of 

current they will be expected to carry. 

One of the defining features of the optimized BDFM's custom stator is the 
increased back iron, which is required to be bigger than that of an equivalently rated 

induction motor's stator back iron because of the two windings on the BDFM stator. 

The additional flux density, especially due to the 2 pole winding, requires the extra back 

iron. In designing this extra back iron in the NEMA 254T open drip proof frame, space 

was taken up that in an induction motor is used for cooling. This presents the problem 

that the heat dissipation of the optimized 5 hp BDFM was not adequate to cool the 
machine, and if left to operate at steady state for extended periods of time, it would 

overheat. The heating problem is exacerbated by the fact the machine operates at 
variable, lower than rated, speeds, and the fan that is mounted on the shaft is supposed 

to provide adequate cooling at rated speed. Since the amount of air that a fan is capable 

of pushing varies with the cube of the rotational speed of the fan, at speeds even slightly 

below rated speed, the fan becomes inadequate. Figure 2.11 shows the results of 

heating tests done at two operating points on the BDFM. The BDFM was designed with 

a thermocouple wound in with the windings, thus the temperatures in Figure 2.11 are 
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the internal winding temperatures of the BDFM. The temperatures in Figure 2.11 at 

both operating points are steadily increasing, and may exceed the thermal rating of the 

machine given enough time. While the starting points of the tests were not the same 

(Fig 2.11a started with a warm motor), and the 600 r/min test was not pushed as far as 

the 800 r/min test, neither of the BDFM temperature tests show a tendency to level their 

temperature rise within the test period. The thermal rating of the machine is generally 

the temperature at which the stator winding conductor insulation rating is exceeded. 

The BDFM used standard class C machine winding wire, rated at 210° C. 
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Figure 2.12: Heating of the 1M and Drive 

While some design features unique to the BDFM adversely affected the cooling 

of the BDFM, the cooling of the induction motor was also a concern that was voiced by 

the motor manufacturer. The 8-pole induction motor is rated at 850 r/min, which is 

already a low speed. Running it at even lower speeds, in the opinion of the 
manufacturer, causes a heating problem in it as well, again due to the cooling ability of 

the fins on the rotor acting to cool the machine. 

The heating tests that were done on the BDFM could not be reproduced 
completely on the IM drive and motor. The BDFM had a thermocouple wound into the 

windings that gave winding temperatures. The induction motor did not have a 
thermocouple, thus the temperatures were measured by touching a probe to the 
windings on the winding overhang. This resulted in lower temperatures than were 

gotten from the BDFM. At 850 r/min, the induction motor was drawing more current 

than the drive could supply over extended periods of time according to the internal 

protection of the drive. This is an indication that even in a commercially available 
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variable speed induction machine rated at 900 r /min, running at reduced speeds puts a 

significant thermal stress on the system to the point of exceeding the rating of the drive. 

The 600 r/min test was done, and the results are shown Figure 2.12. To alleviate the 

cooling problem of the BDFM, future designs should make special considerations for 

cooling, for example using a totally enclosed fan cooled frame with the fan powered by 

a separate blower motor instead of mounted on the shaft. 

Finally, Appendix A shows that the power factor of the BDFM is lower than 

desirable. The BDFM converter is fully bi-directional with an active front end, and for 

the sake of modularity the inverter and rectifier have components with the same voltage 

and current ratings. Since the rectifier normally operates well below the rating of the 

inverter, it can be used to generate VARs back on to the grid, which would then be used 

by the power winding allowing the overall system to have an arbitrarily set power 
factor. This capability should be used in future designs to give the system a unity or 

near unity power factor. While this is generally a converter design issue and not a motor 

design issue, it affects motor design in that the designer need not sacrifice other aspects 

of machine performance to improve power winding power factor [8]. 
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Chapter 3 

Design of an Optimized 15 Hp Brush less Doubly-fed Machine 

The design and testing of the 5 hp BDFM has shown that BDFM performance is 

approaching that of a variable speed induction motor drive. The goal of the 15 hp 
BDFM design is to incorporate the experience and knowledge gained from the 5 hp 

BDFM development in an attempt to at least equal the standards of performance set by 

induction motor variable speed systems. The cost effectiveness of the BDFM is based 

on the reduced requirements of the converter as compared to its variable speed induction 

motor equivalent. In variable speed induction motor systems, the converter must be 

rated to process all of the apparent power required by the induction motor. In the 
BDFM, only the power required by the control winding is processed through the 
converter (Fig 1.1). At low horsepower ratings, the relative cost of the converter is 

small as compared to the overall cost of the system, thus the brushless doubly-fed 
configuration would not be cost effective. The brushless doubly-fed configuration 

becomes cost effective at high horsepower ratings, in which case the cost of a fully rated 

converter would be very high as compared to the cost of the system. For this reason, 

another goal of the 15 hp design is to show that a higher power BDFM can be designed 

to perform as well as its induction motor system counterpart, in this case an 8-pole 
variable speed induction motor system. 

3.1 Machine Design 

Much of the base design specification information for the 15 hp design is 

identical to that of the optimized 5 hp design. The 15 hp BDFM, like the 5 hp BDFM, 

is designed to operate as an ASD, uses a 3/1 pole pair combination, and will operate at 

230 volts. Due to its increased horsepower rating, however, a larger frame is used. The 
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frame in this design is the same frame size used to house a 15 hp 8-pole induction 

motor. Based on the heat dissipation problems encountered in the 5 hp BDFM design, 

the 15 hp design uses a Marathon totally enclosed fan cooled (TEFC) frame whose fan 

is powered by a separate blower motor. The fans of frames that are mounted on the 

shaft, as is commonly the case, are generally designed to provide the necessary cooling 

at rated speed of the machine. Since the BDFM is designed to be a variable speed pump 

drive, a shaft mounted fan would not provide the necessary air flow at lower speeds to 

adequately cool the machine. The Marathon frame also has a large inside diameter, 

which is needed by the BDFM due to its increased back iron requirements. The base 

design specifications are shown in Table 3.1. 

Table 3.1: Base Design Specifications 

Frame NEMA 286T, Totally Enclosed Fan 
Cooled (with Blower) 

Voltage Rating, Power Winding 230 Volts 
Voltage Rating, Converter 230 Volts 
(Control Winding) 
Power Rating 15 hp @ 900 r/min 

11.19 kW 
Optimized Speed Range 600 - 900 r/min 
Power Winding Pole Pairs 3 
Control Winding Pole Pairs 1 

Load Profile Pump 
Maximum Converter Rating 50% of Machine Rating 
System Efficiency Comparable with 8-Pole IM ASD System 

Efficiency 

As with the 5 hp design, the multiple loop model (MLM) computer simulation 

package was extensively used in the design of the 15 hp BDFM. The base simulation 

was set up by entering the base design specifications in Table 3.1 into the simulation, as 

well as by entering some of the basic winding parameters (turns per coil, amount of 

copper per slot) to produce somewhat realistic results as far as machine currents, 

voltages, and flux densities. While this initial simulation of the 15 hp BDFM did not 
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result in a realistic design, it provided initial information from which the design 
evolved. 

3.1.1 Rotor Design 

The rotor design of the 15 hp BDFM incorporates many design 
recommendations resulting from the 5 hp BDFM design and testing, affecting rotor slot 

number, shape, size and relative spacing. In addition, the rotor diameter had to be 

established based on the increased size of the frame as well as the increased horsepower 

rating. 

To begin the rotor design, an evaluation of the rotor outside diameter, and thus 

the stator inside diameter, had to be made. A larger diameter can in general support 

more torque, increases the area available for rotor slots and rotor tooth iron, and 
increases the inside diameter of the stator which similarly increases the area available 

for stator slots and stator tooth iron, but reduces the area available for the stator back 

iron. Establishing the rotor diameter, then, also requires establishing the base 
dimensions of the stator design, including slot shape, tooth width and back iron width. 

The tradeoffs of fill factor of stator slots, current density of stator windings, flux density 

in teeth and back iron, and torque production all have to be balanced in the final design. 

To establish the rotor diameter, then, the stator dimensions had to be evaluated to the 

point of being acceptable enough to assure that the rotor diameter would allow for a 

workable stator design. Evaluating these considerations led to a rotor plus air gap 

diameter of 190 mm. The evaluation of the air gap length itself was done later. This 

evaluation was done using the computer simulation, using an iterative process of 
making incremental changes in a given variable and evaluating the effects on the other 

variables and on machine performance. 

With the rotor diameter established, the nest and loop structure of the rotor were 

established. The pole pair numbers determine the number of nested loops, which 

remained at Pp + Pc = 4 nested loops. While the added diameter of the 15 hp rotor 
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provided a larger circumference with the possibility of increasing the number of rotor 

slots above that used in the 5 hp design, additional demands on the rotor slots prevented 

increasing the number of rotor slots. For the purpose of reducing rotor 12R losses, the 

sizes of the slots were to be varied according to how much current each slot was 
expected to carry, which resulted in most of the slots becoming larger than in the 5 hp 

design. In addition, the inner loops were to be spaced further apart for the 15 hp design, 

based on the observation of the heating of the rotor core between the innermost loop of 

each nest made on the 5 hp rotor. These additional demands are the result of 
recommendations made based on the experience gained from the 5 hp BDFM design. 

The result of these modifications was that the number of loops in each nest was reduced 

to 4 loops per nest from 5 in the 5 hp design. To get an approximation of the currents 

that were expected in this design, the simulation was run. Table 3.2 shows the expected 

rotor currents and rotor 12R losses. 

Table 3.2: Rotor Currents and Losses at Maximum Efficiency, T cc cue, T = 118.8 Nm 
900 r/min 

Speed Loop 1 (A) Loop 2 (A) Loop 3 (A) Loop 4 (A) 12R Losses 
(r/min) (Outer) (Inner) (W) 

600 347.3 149.5 139.7 101.3 151.1 
650 360.3 174.4 157.8 112.9 175.8 
700 384.5 200.4 176.0 124.4 210.0 
750 417.9 228.0 194.9 136.2 254.7 
800 458.6 257.9 215.3 148.5 311.6 
850 509.5 290.8 237.5 161.6 383.8 

As mentioned previously, the rotor bars were sized according to the currents 

expected in each loop. The target current density for the 5 hp BDFM was 9 A/mm2. For 

the 15 hp BDFM, however, the target rotor current densities were reduced to 5.5 

A/mm2. The direction of the 15 hp design is towards maximizing efficiencies, and 

bringing the rotor current densities down was intended to reduce rotor losses, as well as 

alleviate some of the heating problems that were encountered with the 5 hp BDFM. 
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Also, due to the larger diameter of the rotor and the reduced number of loops per nest, 

space was made available for larger rotor slots. Table 3.3 uses the currents in Table 3.2, 

and the desired maximum current density to come up with the target slot areas for each 

loop. 

Table 3.3: Rotor Slot Size Calculation 

Max I Max J Area of Slot 
(A) (A/mm2) (mm2) 

Loop 1 (Outer) 509.5 + 5.5 = 92.6 
Loop 2 290.8 + 5.5 = 52.9 
Loop 3 237.5 + 5.5 = 43.2 
Loop 4 (Inner) 161.6 + 5.5 = 29.4 

Once the slot areas are defined, the slot shapes and locations relative to each 

other can be determined. The slot shapes were designed by taking several factors into 

account: the rotor teeth were to be of uniform width, which constrains at least part of 

the slots to be trapezoidal, the total rotor tooth iron had to be approximately equal to the 

stator tooth iron, to provide an effective flux path between stator and rotor, the tops of 

the slots were to be rounded as recommended based on the 5 hp BDFM design, to 
alleviate the problem of localized saturation due to rotor slot and stator tooth alignment, 

the slot areas had to be close in cross sectional area to the areas calculated in Table 3.3, 

the depth of the slots had to be kept at a minimum to avoid skin effect while still 
allowing for the required slot area and tooth widths, and the inner loop was to be spaced 

wider apart than the rest of the loops to alleviate the heating problems experienced in 

some of the 5 hp BDFM rotors. All of these conflicting requirements, especially the 

non-uniformity of the slots, necessitated the use of a computer aided design tool 

(AutoCad) to be able to deal with the various dimensional variables and reach an 
acceptable design. The asymmetrical rotor presented an additional problem in the 

BDFM simulation. The rotor modeling in the simulation is relatively simple, and does 

not have the parameters necessary to specify asymmetries on the rotor. More 

specifically, it can model different rotor slot areas, but not asymmetrical rotor slot 
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spacing. To approximate the rotor design in the simulation, an additional loop with no 

area was specified for the innermost loop. This spaced the rotor slots such that the extra 

space in the innermost loops was accounted for. The design was further adjusted as the 

stator design developed, since the tooth widths of the stator teeth were varied at several 

points in the design development. Figure 3.1 shows the final rotor slot configuration 

and rotor geometry, and Table 3.4 summarizes the rotor slot areas. The skew of the 

rotor was kept at one stator slot along the length of the rotor, as in the 5 hp design. 

(a) (b) 

Figure 3.1: 15 Hp Rotor Lamination (Dimensions in mm) 

Table 3.4: Rotor Slot Areas 

Area (mm2) 
Loop 1 (Outer) 86.3 
Loop 2 59.7 
Loop 3 50.1 
Loop 4 (Inner) 36.5 
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3.1.2 Stator Design 

As indicated in the rotor design description, the stator design developed 
concurrently with the rotor design. The determination of the rotor diameter along with 

the inside diameter of the frame constrained the outer dimensions, the inside and outside 

diameters, of the stator. The inner dimensions of the stator: the slots, the teeth, and the 

back iron, are linked to the winding design, which determines the necessary area of the 

slots and the amount of iron needed to support the flux density. 36 slots were used in 

the 15 hp stator design, as in the 5 hp design, based on the requirement that the number 

of slots must be factorable by 2*3*Pp and 2*3*Pc, in this case 18 and 6, to maintain an 

integral number of slots per pole per phase and avoid subharmonics. Additional 

constraints on the inner dimensions are that the teeth should be of uniform width and the 

teeth must saturate after the back iron. The process of evaluating the various tradeoffs 

involved in the stator design: current densities, efficiency, fill factor, is the same as is 

described in the stator design of the 5 hp BDFM. The fill factor that was achieved in the 

5 hp machine was 47%, which was used in this design as well; for a TEFC machine, 

350 cmil/A, or 5.64 A/mm2 is a standard machine design, and was used for this design. 

As in the 5 hp design, the 15 hp design used the BDFM computer simulation package to 

evaluate the design tradeoffs. 

One of the primary goals of machine design is to prevent the performance of the 

machine from being degraded due to saturation. In the BDFM, as was described in 
Chapter 2 (See Fig 2.3), the flux density in the machine is the sum of two sinusoidally 

distributed waveforms which have different periods and generally travel in opposite 

directions. While it is desired to keep the flux density below 1.5 Teslas, the level at 

which iron typically saturates, the peak composite flux wave may exceed 1.5 Teslas, but 

effectively only saturates a small number of teeth or a small part of the back iron. The 

maximum flux density that was allowed in the 5 hp design was 2.3 Teslas. In the 5 hp 

test results, however, no saturation of back iron or teeth was seen in the machine (Fig. 

2.8), which leads to the conclusion that the maximum composite flux density can be 

allowed to be higher than 2.3 Teslas. In the 15 hp design, the allowable maximum flux 
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density level was increased to 3 Teslas, in an attempt to facilitate better use of the 
machine iron and increase slot depth, but at the risk of running the machine in 
saturation. 

Figure 3.2 shows the final geometry of the stator. The various notches and flat 

surfaces on the perimeter of the stator were designed as per specifications provided by 

Marathon. They are discussed in relation in the Construction section of this chapter. 

3.1.3 Winding Design 

The winding design also evolved concurrently with the rotor and stator designs, 

as the required windings determine stator slot area, and the flux produced by the 
windings determines the necessary tooth iron and back iron. The design philosophy 

relating to the winding design of the 15 hp BDFM was changed based on the 5 hp 
BDFM design experience. Where the 5 hp design effort allowed for machine operation 

over a wide range of operating points at a given speed without exceeding design 
specifications, the 15 hp design is focused on operation of the BDFM at the maximum 

efficiency point of a given speed. At operating points away from the maximum 
efficiency point, parameters often exceed design specifications, but the control logic of 

the converter will prevent operation at these points. Furthermore, the maximum 

efficiency of the machine was optimized by taking into account proper loss allocation 

between control and power windings, as well as by designing the windings to each 
provide enough reactive power to provide their own magnetizing current at or near the 

maximum efficiency points, preventing magnetizing current from being drawn from one 

winding to another through the rotor, increasing rotor 12R losses. The result is a design 

that is able to push the operation of the BDFM closer to its maximum potential 
performance. 

Winding loss allocation was optimized by incrementally moving copper from 

the control winding to the power winding, and finding the copper distribution that 

resulted in the lowest combined losses, or resulted in the maximum efficiency. Proper 

magnetizing current of each winding was optimized using rotor current 12R losses as an 
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indicator. At any given operating point, each winding requires a certain amount of 

apparent power for magnetization. If the entire required magnetizing current cannot be 

produced by a winding at the current and power factor levels that exist at an operating 

point, the remainder is produced in the other winding and is transferred across the rotor 

to where it is needed, incurring rotor losses in the process. In a well designed machine, 

rotor current losses should be a minimum at the maximum efficiency point of a given 

speed. This was adjusted by adjusting the inductance in the machine, which is most 

affected by the turns per coil and the air gap. The turns per coil of the 6 pole winding is 

set to 4 turns per coil based predominantly on the necessary currents and torques 
required by the machine, and does not have much flexibility for fine tuning since it is 

constrained to have an integral number of turns. The turns per coil of the 2 pole 
winding varies with the control voltage and inversely with the control current. It is set 

such that at rated torque within the rated speed range at maximum efficiency, the 
maximum control voltage is at its rated value, in this case 230 volts, and thus the control 

current is minimized. The remaining parameter is the air gap, which can be fine tuned 

within machining tolerances (t .05 mm). The air gap, which resulted in the desired 

balance of magnetizing currents, as well as keeping the flux density levels, efficiency, 

and currents within design goals, was .5 mm. There is some flexibility in this air gap 

width: if there is too much saturation in the prototype machine, the rotor can be turned 

down to increase the air gap to .6 mm, thereby reducing flux density levels at the 
expense of efficiency. This could be done only if the currents in the machine could be 

increased without exceeding the ratings of the windings, because increasing the air gap 

results in higher currents. 

Table 3.5 shows the simulation output of the final design with the maximum 

efficiency point at each speed highlighted. Several points discussed in the design are 

illustrated by Table 3.5. First of all, away from the maximum efficiency points, some 

parameters are outside of design specifications. For example, at 600 I./min, at high 

power winding power factors, the control voltage is above 230 volts, and at 850 r/min, 

at high power winding power factors, the back iron flux density exceeds the target 

maximum flux density of 3 Teslas. As discussed previously, the converter logic will 



Table 3.5: Simulation Results (Desired Operating Points Highlighted) 
15 hp design at full pump load, T - wA2 

TPCp= 4.00 TPCc= 7.00 Fill Factor = 46.91 Airgap=0.00050 DSet=0.1900 t2=0.0104 h=0.02467 Lcrd2 =0.0380 0.D.=0.31750 
Nr Te vc lc Pfc Ip Pfp P6 Op Elf Pm Sc/Prr Sc P2 Qc Prcu Pccu Ppcu Bgtot Bbi6 Bbi2 Bbitot Bt6 Bt2 Bttot Gamma 
600 52.8 237.4 7.91 -0.43 20.1 0.65 5.17 6.12 88.2 3.32 98.1 3.15 -1.4 2.9 181 152 103 1.07 0.31 1.85 2.16 0.56 1.15 1.71 166.6 
600 52.8 230.2 7.3 -0.5 21.7 0.6 5.18 6.9 88.8 3.32 87.7 2.91 -1.4 2.5 166 130 119 1.05 0.33 1.71 2.04 0.60 1.06 1.67 166.8 

600 52.8 210 5.86 -0.7 26.3 0.5 5.23 9.08 89.1 3.32 64.3 2.33 -1.5 1.5 143 83.6 176 0.99 0.40 1.37 1.77 0.73 0.85 1.58 1674 
600 52.8 196.8 5.22 -0.85 29.5 0.45 5.27 10.5 88.4 3.32 53.7 2.08 -1.5 0.9 143 66.4 221 0.99 0.45 1.22 1.67 0.82 0.76 1.58 167.8 

650 61.98 194.3 8.35 -0.48 22 0.7 6.08 6.29 89.3 4.22 66.6 3.33 -1.4 2.5 205 170 123 1.15 0.33 1.95 2.29 0.61 1.22 1.83 164 
650 61.97 187.2 7.71 -0.56 23.7 0.65 6.09 7.19 89.8 4.22 59.3 3.07 -1.4 2.1 188 145 142 1.12 0.36 1.80 2.16 0.66 1.12 1.78 164.27 

650 61.97 170 6.47 -0.76 28.2 0.55 6.14 9.4 89.8 4.22 45.1 2.58 -1.4 1.2 169 102 202 1.08 0.43 1.51 1.94 0.78 0.94 1.72 164.8 
650 61.96 160 6.02 -0.87 31 0.5 6.18 10.7 89.2 4.22 39.5 2.4 -1.5 0.8 172 88.2 244 1.09 0.47 1.41 1.88 0.86 0.88 1.74 165.2 

700 71.87 153 9.04 -0.5 23.7 0.75 7.07 6.28 89.9 5.27 45.5 3.6 -1.2 2.1 240 199 143 1.24 0.36 2.11 2.48 0.66 1.32 1.98 160.73 
700 71.87 146.7 8.4 -0.58 25.5 0.7 7.08 7.27 90.3 5.27 40.5 3.35 -1.2 1.7 223 172 165 1.21 0.39 1.97 2.35 0.71 1.23 1.93 161 

700 71.86 132.2 7.28 -0.77 29.9 0.6 7.13 9.54 90.3 5.27 31.7 2.9 -1.3 1.1 205 129 227 1.19 045 1.70 2.16 0.83 1.06 1.89 161.67 
700 71.88 124.1 6.93 -0.87 32.5 0.55 7.17 10.8 89.7 5.27 28.3 2.76 -1.3 0.7 209 117 269 1.20 0.49 1.62 2.12 0.90 1.01 1.91 162 

750 82.5 112.7 9.93 -0.49 25.6 0.8 8.14 6.13 90.2 6.48 29.9 3.96 -1 1.7 288 240 166 1.35 0.39 2.32 2.71 0.71 1.45 2.16 156.4 
750 82.5 107.1 9.27 -0.58 27.4 0.75 8.15 7.25 90.5 6.48 26.6 3.69 -1 1.4 268 210 191 1.32 0.42 2.17 2.59 0.76 1.35 2.11 156.73 

750 82.49 95.2 8.23 -0.77 31.8 0.65 8.21 9.64 90.5 6.48 20.9 3.28 -1 0.9 250 165 257 1.31 0.48 1.93 2.41 0.88 1.20 2.08 157.47 
750 82.5 88.6 7.94 -0.86 34.4 0.6 8.25 10.9 90 6.48 18.8 3.16 -1.1 0.6 255 154 301 1.33 0.52 1.86 2.38 0.96 1.16 2.11 157.93 

800 93.86 68.5 10.3 -0.52 29.3 0.8 9.32 7.05 90.5 7.86 15.6 4.12 -0.6 1 327 261 219 1.46 0.45 2.42 2.87 0.81 1.51 2.32 149.87 

800 93.87 59.7 9.37 -0.71 33.5 0.7 9.37 947 90.6 7.86 12.3 3.73 -0.7 0.7 306 214 284 144 0.51 2.19 2.70 0.93 137 229 15033 
800 93.86 54.1 9.06 -0.83 36.5 0.65 9.43 11.1 90.1 7.86 10.8 3.61 -0.7 0.5 313 200 338 1.46 0.55 2.12 2.67 1.01 1.32 2.33 151.67 
800 93.86 47.6 9.06 -0.93 40.1 0.6 9.52 12.8 89 7.86 9.51 3.61 -0.7 0.3 339 200 409 1.53 0.61 2.12 2.73 1.11 1.32 2.43 152.6 

850 106 25.1 10.6 -0.49 35.5 0.75 10.7 9.31 90.5 9.43 4.88 4.22 -0.2 OA 376 274 320 1.59 0.54 248 3.02 0.99 1.55 2.53 133.2 
850 106 21.3 10.3 -0.62 38.4 0.7 10.7 10.9 90.1 9.43 4.04 4.11 -0.2 0.3 382 259 375 1.61 0.58 2.41 3.00 1.07 1.50 2.57 134 
850 106 17.2 10.3 -0.76 41.9 0.65 10.8 12.7 89.2 9.43 3.25 4.11 -0.2 0.2 408 259 445 1.67 0.64 2.41 3.05 1.16 1.50 2.66 135.07 
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prevent the machine from operating at these points. Also, it can be seen that the rotor 

12R losses (Prcu) coincide, or nearly coincide, with the maximum efficiency points, 

indicating that each winding provides the appropriate magnetizing current at or near 

maximum efficiency. 

The final winding specifications are shown in Table 3.6. The winding diagram, 

illustrating coils per pole, pole pitch, and number of layers, is identical to the winding 

diagram of the 5 hp design, shown in Figure 2.4. 

Table 3.6: Winding Design Specifications 

6 Pole Winding 2 Pole Winding 
Coils Per Pole 2 6 
Pitch 5/6 (1 to 6) 15/18 (1 to 16) 
Turns Per Coil 4 7 
Conductors 10 # 18 3 # 18 
Connection Wye Wye 
# of Layers 2 2 

The complete 15 hp design was compared to standard 15 hp induction motor 

data to confirm that the performance of the simulation resulted in a design that 
compared favorably with a commercially available IM system. The base performance 

data was obtained from a Marathon data sheet for a 15 hp, 900 r/min induction machine 

housed in a 286T frame, and is summarized in Table 3.7 [14]. 

Table 3.7: Marathon Induction Motor Data 

Load (%) Efficiency (%) Power Factor  
100 86.5 71.0  
75 87.5 66.0  
50 86.5 54.5  
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The data in Table 3.7 is for a motor, not for a variable speed system. To 

calculate the equivalent system efficiency of a variable speed induction motor system, 

first the load profile was defined to have a pump load characteristic, T oc cue, with full 

power produced at 900 r/min, resulting in a full load torque of 118.8 Nm. For the other 

speeds in the target speed range, the percentage of full load torque was found based on 

the load profile. Then, the efficiency and power factor at various speeds were found by 

interpolating between the efficiencies and power factors in Table 3.7, based on the 

percentage of full load torque at each speed. Figure 3.3 shows the data from Table 3.7, 

graphed to facilitate interpolation. With the motor efficiencies and power factors at 

various speeds, the system efficiency can be calculated using the procedure explained in 

Chapter 2, with equation (6), repeated here for reference: 

Pour (10)sys,bn = 
Psn,m (1-17cj= Pf * +1 77, 

,m + 
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Figure 3.3: 15 Hp, 900 r/min Induction Motor Data 
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The data for a variable speed induction motor system based on the above 
analysis is in Table 3.8. The efficiencies of the 15 hp BDFM system, from Table 3.5 

and equation (9), are plotted in Figure 3.4 along with the IM system efficiencies from 

Table 3.8. The converter efficiency that is used for both the BDFM and the IM is 96%. 

Table 3.8: 15 Hp Variable Speed Induction Motor Data 

Speed Torque % Full Load Motor n Motor PF System n
jmin) (Nm) (%) (%) (%) 

600 52.8 44.4 85.7 51.4 79.3 
650 62.0 52.2 86.7 56.0 80.7 
700 71.9 60.5 87.3 60.0 81.6 
750 82.5 69.4 87.5 64.0 82.2 
800 93.9 79.0 87.4 67.2 82.3 
850 106.0 89.2 87.1 69.2 82.2 
900 118.8 100.0 86.5 71.0 81.7 

Figure 3.4 shows that if the BDFM would have approximately 10% more losses 

than are accounted for in the simulation, its performance would be the same as the 

induction motor. 

Since the BDFM simulation program only takes I2R losses into effect, it is 

expected that the simulated efficiency of the BDFM system would be higher than that of 

an equivalently efficient induction motor system. Figure 3.4 shows that the BDFM 

efficiency compares well to the induction motor system across the speed range. Based 

on this comparison, the 15 hp BDFM design is complete. 
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Figure 3.4: 15 Hp System Efficiencies 

3.2 Construction 

Much of the construction of the 15 hp BDFM was done by outside contractors. 

Interfacing with contractors resulted in fine tuning of the design to facilitate 
construction, adjusting the design to accommodate physical limitations, and being 

forced to work with non-ideal results that affected the BDFM's performance. 
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3.2.1 Rotor Construction 

After the design of the rotor and stator and windings were complete, the design 

of the mold that was to be used to cast the rotor was needed. While the casting process 

is an industry standard for manufacturing squirrel cage rotors, the BDFM rotor has a 

unique structure that requires an original mold to be made. The manufacturing of the 

mold was contracted to an outside contractor, but the design of the nested loop structure 

used to make the mold was designed in house to assure that the nested loops lined up 

properly with the rotor slots. Figure 3.5 shows the final design of the nested loops, 

showing how they line up with the rotor slots. The design of the mold included several 

Figure 3.5: Nested Loop End Ring Design Used to Make Mold. 
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considerations. The innermost connecting bar angled back away from the edge of the 

rotor in an attempt to reduce or eliminate the rotor heating that occurred on some rotors 

of the 5 hp BDFM at the innermost loops. The cross-sectional area of the connecting 

bars were equal or larger than the cross-sectional area of the slots they connected to 

assure that current could flow unimpeded through the nests. The connecting bars were a 

standard tool width (3/8") so that the manufacturing of the mold would not require a 

custom tool. And finally, the connecting bars were made to be parallel, also to ease the 

manufacture of the mold. 

The rotor as designed in Figure 3.1 has included in the diameter .2 mm more 

than the final diameter of the rotor when it will be operating in the finished BDFM. The 

casting process subjects the rotor to high pressure, and the extra iron around the rotor 

helped to assure that the rotor bridges maintained their structural integrity during casting 

without using a retaining sleeve. This .2 mm was then turned down using a process that 

is standard for squirrel cage rotors. 

The shaft of the machine is 2 5/8 ", and was originally made to have a press fit 

rotor. Because there were several rotors that were manufactured for this design, it was 

necessary to make provisions to be able to remove and replace rotors on and off the 

shaft relatively easily, without causing damage to the rotors or the shaft. The shaft was 

thus modified; it was fitted with a locknut and a 1/16 " keyway was machined into it. 

The shaft hole in the rotor was designed to be three thousands of an inch wider than the 

shaft, and had designed into it a 5/16 " keyway as well. 

Based on testing of the rotors used in the 5 hp BDFM, several treatments proved 

to be the most effective at establishing rotor - bar isolation [13]. For the 15 hp BDFM, 

4 rotors were manufactured, and the two best 5 hp rotor treatments, a core plating 
treatment and a natural iron oxide treatment (rust), were applied to two rotors each. The 

core plating was mixed per experience with the 5 hp rotors at 3 parts coating with 1 part 

water. The rotors were dipped and hung dried over a furnace for four hours. The 

natural iron oxide treatment was applied by placing the rotors in a 700 °F furnace, and 

exposing the rotors to an atmosphere of oxygen and ammonia. This resulted in a thin, 

even rust coating [15]. 
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The casting of rotors is a standard procedure for cage rotor construction. 
However, the variables involved in casting, the pressure and temperature of the 
aluminum to be cast, require extensive experimentation on the part of the die-caster in 

order to get a complete fill of the mold while minimizing the strain on the mold. Based 

on the small number of rotors that were cast for this design, the die-caster was not able 

to optimize these parameters. Another variable was the coating on the rotors; it was not 

known how the coating might effect the casting process. In addition, the nested loop 

structure of the BDFM is more complex than the end ring of a standard squirrel cage 

rotor. Since the mold only had to withstand 4 castings, the pressure was maximized to 

try to ensure that the nested loops would fill properly. Maximizing the pressure, 

however, might have adverse effects on the coating applied to the rotors, effectively 

blowing off the protective layer. For identification purposes, the four rotors will be 

identified as coreplated #1, coreplated #2, rust #1, and rust #2. A visual inspection of 

the rotors after casting showed that nested end rings of coreplated #1 and coreplated #2 

showed some discontinuity in some of the outer loops. Specifically, on both rotors, one 

of the outer loops was not smooth, which was possibly caused by outgassing or cold 

flow during casting. In addition, coreplated #2 had a bubble of air that hardened in the 

loop, effectively reducing the cross-sectional area of the aluminum at that point to 
approximately 50% of its designed value. Their integrity below the surface could not be 

measured, and had to be evaluated during testing with respect to the performance of the 

BDFM. 

Damage occurred to one of the rusted rotors as well. When the rotors were 
received from casting, they were fitted with arbors that had to be removed. This 

generally entailed gently tapping them out with a mallet. The arbor in rust #2, however, 

would not come out using this simple method, and could not even be pushed out with a 

5000 psi hydraulic press. A hole was ultimately drilled in the arbor to relieve the 

pressure that was binding it in the rotor, and was thereafter removed. The reason it 

could not be easily removed, however, was that as it was being pushed out, it evidently 

got caught on a bur in the rotor shaft hole, and caused damage to the shaft hole. This 
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caused the rotor to be unbalanced, and since rust #1 was undamaged, rust #2 was not 

used. 

After the rotor bars were cast, they were turned down to their final diameter and 

quenched. The quenching process entails heating the rotors up to 900 °F and allowing 

them to cool in ambient air. The rotors were put in an oven at 900 °F and left for 6 

hours, with the exception of coreplate #2, which for was left in the oven for 16 hours 

due to limited access to the oven. This time difference may be significant, and is 

discussed in the conclusions. Since the rotor bars and the rotor core are made of 
different metals, they have different rates of thermal expansion, and quenching the 

rotors results in the aluminum bars pulling away from the iron core, thus improving 

isolation between the bars and the core. Coreplated #1 rotor was tested before it was 

quenched. 

3.2.2 Stator Construction 

.The stator laminations were sent to a laser cutting contractor and cut according 

to the design in Figure 3.2. The laminations were then stacked on an arbor, welded in 6 

places around the circumference, and were then pressed into the frame. The notches 

along the perimeter of the rotor are welding notches. Since the stack will be pressed 

into a frame, the welds that hold the stack together can not be put on the outside 
diameter of the stator, and are put in the provided notches. In addition, one of the 

notches, the small notch on the lower left side of the stator as shown in Figure 3.2, is a 

location notch used to assure proper alignment of the stator laminations when they are 

stacked. The flats on the top of the stator laminations and the diameter on the left as 

shown in Figure 3.2 are provided so that when the laminations are laser cut, they fit 

together such that less material is wasted. 

During the winding of the stator, the 2 pole winding was put in first, and the 6 

pole winding was to be put in on top of the 2 pole winding. The reason the windings 

were put in this order was to assure that the entire amount of copper that was designed 
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for the 2 pole winding would be wound on to the stator, and the 6 pole winding could be 

increased or decreased if need be depending on how much space the slot allowed for. 

The 6 pole winding did in fact have to be reduced from the design of 10 # 18 wires (8.2 

mm2 of copper) to a combination of 4 #15 and 1 # 16 wires (7.9 mm2). This effectively 

means that the winding contractor was only able to maintain a fill factor of 46% as 

opposed to the design level of 47%. 

3.3 Test Results 

After the success of the 5 hp BDFM design and test experience, expectations 

were high that the 15 hp BDFM would be at least as successful as the 5 hp BDFM, 

providing results that compared well to a commercially available 15 hp variable speed 

induction motor system across the target speed range. Actual test results fell well short 

of these expectations. 

3.3.1 Synchronous Mode Tests 

The primary problem encountered during the testing of the 15 hp BDFM, which 

occurred with all of the rotors, was that the power winding currents were much higher 

than expected. Based on the simulation results in Table 3.5, power winding current was 

expected to be in the 30 to 40 A range. Figure 2.9 shows that the power winding current 

in the test results for the 5 hp design exceeded the simulation prediction by 10% to 20% 

at higher speeds, and the windings of the 15 hp BDFM were designed to accommodate 

variations of this magnitude. The measured currents, however, were on the order of 

100% higher than the designed currents 

After it was established during initial testing that currents were higher than 

expected, a variac was set up in series with the power winding to enable the power 
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winding voltage to be slowly increased to full voltage in synchronous mode, while 
monitoring the currents. The upper limits on the current were set by the variac, which 

was protected by 50 A fuses. The power winding could, for short periods of time, 

accommodate currents as high as 60 to 70 A. Currents of this magnitude, however, if 

run for more than several seconds, resulted in a sharp increase in the internal heat of the 

BDFM, and caused concern as to the possibility of damaging the windings. 

When synchronous operation was able to be maintained, the power winding 

reached 50 A at approximately 180 volts, well short of full voltage. This was attained 

while constantly adjusting the control winding current and the load torque to minimize 

the power winding current and maintain synchronous operation. Generally, the power 

winding current was minimized when the control winding current was maximized, and 

synchronous operation was maintained by keeping the BDFM loaded with 
approximately 80% pump load at a given operating point. At power winding voltages in 

the 150 to 180 V range, the BDFM could not maintain synchronous operation without 

this loading. Only one rotor, coreplate #1 quenched, maintained synchronous operation 

to the point that voltage could not be increased beyond 180 V because of current limits. 

The other rotors could not maintain synchronous operation before current limits were 

reached. Attaining full voltage operation was attempted in this manner at various 

speeds, in an attempt to draw lower power winding currents; according to the simulation 

in Table 3.5, lower speeds demand lower power winding currents. At lower speeds, 

however, power winding currents were as high as at high speeds (850 r/min), and 
synchronous operation was more difficult to maintain. At lower speeds, the BDFMs fell 

out of synchronism before currents reached 50 A. For these reasons, exceeding current 

limits and not being able to maintain synchronous operation, the 15 hp BDFM could not 

be run at full voltage. While this prevented comparison to commercially available 

induction motors, the BDFM was run at reduced voltage, 115 volts, and the test data 

compared to the simulation, which was also run at 115 volts. The results are discussed 

in Section 3.4. 
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3.3.2 Rotor Test Results 

The rotors were compared in singly-fed induction mode tests. The induction 

mode tests give an indication of the quality of the insulation layer between the stack and 

the bars. For ideally insulated bars, the rotor construction of four sets of nested loops 

will not produce any net torque with 6-pole stator excitation. Thus, rotors with the 

lowest induction torque will be the best in doubly-fed operation. Experimentally, the 

control winding is open circuited, while the power winding is excited with a reduced 

voltage, here 115 V and 60 Hz. Using the load motor, a DC motor, the shaft speed is 

varied between 1200 r/min and a lower speed limit established by the current rating of 

the power winding [13]. In this case, the test was run until the power winding currents 

reached 50 A, the limit of the variac used to perform the test. The results are shown in 

Figure 3.6 and are discussed in Section 3.4. 

IM Test, 15 Hp BDFM, 115 Volts 
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Figure 3.6: Induction Torque-Speed Curves for 15 Hp BDFM Rotors 
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Another analysis done on the 15 hp BDFM was a loss analysis. The resistances 

of the power and control windings were measured, and the 12R losses calculated. The 

total power losses, Pin - Pout, were obtained from Appendix E.1, as were the 
efficiencies of each operating point. Subtracting the winding 12R losses resulted in the 

`other' losses, including rotor 12R losses, friction, windage, and leakage losses. Table 

3.9 shows the results. According to the simulation results in Appendix F.1, the rotor 12R 

losses at the maximum efficiency points are on the same order as the power winding 

losses. The higher than simulated power winding currents are evident by large copper 

losses in the power winding. The most important observations from Table 3.9, 
however, are the large total losses, and similarly the large 'other' losses that exist in the 

test machine. This illustrates that there are significant losses in the machine that are not 

accounted for in the simulation, and explains the discrepancy in the efficiencies of the 

simulated and test machine in Figure 3.6a. 

Table 3.9: 15 Hp BDFM Loss Analysis at Maximum Efficiency Points 

Speed Test Losses: R6=.0752, R2=.6212 Simulation Losses: R6 =.08), R2=.810 
r/min Ploss Ppcu Pccu Other Ploss Ppcu Pccu Prcu 
850 2007.4 227.1 30.4 1749.9 238.2 73.70 70.70 93.80 
800 2523.1 240.0 68.1 2215.0 197.0 63.40 56.80 76.80 
750 2974.8 281.3 99.2 2594.3 164.0 57.00 44.30 62.70 
700 3799.8 249.4 157.0 3393.4 137.4 49.8 35.7 51.9 
650 4491.8 264.4 215.4 4012.0 116.7 46.3 27.6 42.8 

3.4 Discussion 

Figure 3.6 shows a rotor, coreplate #2, that should perform as a very good 

BDFM based on its induction motor characteristic. This rotor was left in the quenching 

oven for 16 hours as opposed to the other rotors, which were quenched for 6 hours. 
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This rotor, however, is the same rotor that, as described in Section 3.3.1, had a 
significant reduction in the aluminum of one of its loops due to an air bubble. During 

synchronous operation of this particular rotor, the power winding current was displayed 

on the oscilloscope, and instead of the 60 Hz sinusoidal waveform that was expected, a 

severely distorted wave was shown, with large, low harmonic distortion. Since the 

problem with the rotor was known, it was suspected that the cause of this distortion was 

a problem with the rotor. This was tested by open circuiting the control winding and 

running the BDFM to 1200 r/min, at which speed there are no rotor currents. At this 

speed, as expected, the power winding was a 60 Hz sine wave. As the speed was varied 

away from 1200 r/min, the power winding current became progressively more distorted. 

While running in induction mode to test the rotor integrity, the induction mode tests 

were repeated at several points, and it was found that the rotor no longer performed well 

as a BDFM; it produced torques very similar to the other rotors as shown in Figure 3.6. 

This showed that during testing, the rotor sustained damage. After testing, when the 

rotor was removed, the problem became evident. The smallest loop in the nest with the 

damaged outer loop must have had an air bubble in the bar, and outgassed into the air 

gap, causing aluminum to shoot into the air gap. It is possible that due to the damaged 

outer loop, the other loops in the nest were forced to carry higher currents than designed 

for, and as a result failed. 

The other rotors were similar in their performance of the induction motor test in 

Figure 3.6, all of them performing poorly. In the 5 hp induction motor characteristic 

tests, the unquenched rotors produced approximately 100 lb*in of torque in the target 

range of operation of the BDFM, 600 900 r/min [13]. Figure 3.6 shows that with the 

exception of the coreplate #2 quenched rotor, the rotors for the 15 hp BDFM all are in 

the 300 lb*in torque range. The 15 hp rotors, then, after scaling to account for the 

higher power rating, perform the same as the unquenched 5 hp rotors in the induction 

mode tests. For the reduced voltage synchronous mode test, the coreplate #1 quenched 

rotor was used. 

Figure 3.7b illustrates the main problem that was encountered in the 15 hp 

BDFM testing; the test power winding current is approximately 100% higher than the 
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design power winding current. The other parameter that is significantly different 
between test and simulation is the efficiency. Even at high speeds in the operating 
range, where the parasitic induction motor losses are less, the efficiency of the tested 

BDFM is only slightly better than half as good as the simulated efficiency. These 

discrepancies between the simulation and the manufactured BDFM illustrate the 
inability of the simulation program to successfully predict the performance of the 15 hp 

BDFM within acceptable limits. The load used for the test and simulation was full 
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pump load, T oc w2, scaled to reflect the reduced voltage. Since the voltage was halved 

from rated voltage, and torque is related to the square of voltage, torque was quartered, 

thus T = 29.7 Nm @ 900 r/min. The simulation and test data for reduced voltage 

synchronous mode operation are in Appendix E.1 and F.1 respectively, and Figure 3.7 

shows the results of this comparison. 

Figure 3.8 shows the saturation characteristics of the control and power 
windings. Over the range of 0 to 230 volts, the 2 pole magnetization curve is linear, 

maintaining the improvement over the 2 pole magnetization curve of the BDFM with an 

IM stator, illustrated in Figure 2.5. The 6 pole magnetization curve, however, still 

shows saturation. In the 5 hp BDFM, saturation began at approximately 80 volts; in 

Figure 3.8, saturation begins to occur at approximately 160 volts. It appears that the 

rounding of the rotor slots did result in improvement of the saturation characteristic. 

3.5 15 Hp BDFM Conclusions and Recommendations 

Many aspects of the design of the 15 hp BDFM were based on recommendations 

from the 5 hp design. This is especially true with respect to the design of the rotor. 

While the inability to run the BDFM at full voltage prevented some analysis, especially 

of heating related issues, many valid conclusions could be reached based on the limited 

testing that was done. 

One of the main goals of the rotor design and construction was the limiting of 

the parasitic induction motor losses that occur, as shown in Figure 3.6 and [13]. These 

losses are also apparent in the visible heating of the rotors between the innermost loops, 

as described in Section 2.5. The treatments applied to the rotors were based on trying to 

limit these losses, as was the spacing of the inner bars further apart with the connecting 

bar set back away from the edge of the rotor, where the visible heating occurred. 

Neither of these attempts were successful, however, at reducing the heating on the rotor, 

as all of the rotors tested in the 15 hp BDFM showed signs of heating on the rotor, 

concentrated again between the innermost loops of each nest. Even in the quenched 
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rotors, where discoloration is not visible due to the quenching process, the top few rotor 

laminations were warped between the inner loops, indicating excessive heating. 
Furthermore, Figure 3.6 shows that the parasitic induction motor losses still exist 
despite the treatments applied to the rotors. Coreplate #2 rotor showed reduced 

induction mode torques, but was unfortunately flawed in other ways, and could not be 

extensively tested. 

The quenching process that resulted in improved performance in the 5 hp rotors 

did not consistently result in the expected improvements in the 15 hp rotors. It is 
noteworthy, however, that the 15 hp rotor that was left in the quenching oven for 16 

hours performed well in the induction motor tests. Based on this observation, it is 

possible that the other 15 hp rotor would have had improved performance if they had 

been quenched longer. A simple approach to refining the quenching protocol for the 15 

hp BDFM would be to re-quench the 15 hp rotors and evaluate their performance as 

compared to Figure 3.6. 

Another rotor design modification that was made based on the 5 hp results was 

the rounding of the tops of the rotor slots in an attempt to alleviate the saturation-like 

effect that was seen in Figure 2.10. This effect was attributed to localized saturation 

around rotor slots when stator teeth and rotor slots line up, resulting in an effective large 

air gap, and a small flux path. Rounding the tops of the rotor slots was an attempt to 

avoid this saturation effect. Figure 3.8 shows the saturation curve of the 15 hp BDFM. 

The saturation effect is still present, however it occurs at higher voltage levels. To 
remove this saturation, additional efforts should be made to provide a flux path from the 

stator to the rotor when the stator teeth line up with the rotor slots. This can be done by 

providing sharper rounding on the rotor slots, or by designing the rotor slots to be 
narrower and the rotor teeth to be wider. 

It is apparent that the rotor casting process also requires refining. The rotor that 

showed the most promise in the induction motor test unfortunately did not get cast well, 

ultimately resulting in the failure of its rotor bars. It is possible that the other core 

plated rotor also had internal problems, as there were indications of outgassing on some 

of the loops of the nests in the end ring. Based on previous experience [8], the core 
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plate material was diluted to three parts core plate, 1 part water to facilitate better 
coating of the rotor and reduce the flaking of the material that was observed with the 5 

hp rotor treatment. What was not taken into account, however, was that the core plate 

material, since the application to the 5 hp rotors, had dried to the extent that even with 

the dilution with water, the resulting coating was as thick, and possibly thicker, than 

when it was applied to the 5 hp rotor. This emphasizes the need for tighter control over 

the rotor treatment process, relying more on specific slurry mixtures instead of 
approximations. The 15 hp rotors were considerably larger than the 5 hp rotors, and did 

not fit in the furnace used for drying the rotors. The necessary drying of the rotors was 

instead done on a rack above a furnace. This resulted in a much less controlled drying 

process. This process as well needs a more controlled environment to reduce the 
number of introduced, undesirable variables. In general, then, the casting process was 

poorly defined and executed. 

Every effort was made in the design of the rotor end ring to make the filling of 

the end ring successful: the end ring bars were wider than necessary, and the angles 

were kept as large as possible. However, the parameters involved in the casting of the 

rotors, as described in Section 3.2.1, require a large sample size to optimize. That is 

especially true with the core plated rotors due to the additional variable of dealing with 

the effects of the coating on the casting. One of the consequences of using maximum 

pressure to cast the rotors was the possibility that the coating on the inside of the rotor 

slots that would provide insulation between the bar and the stack was blown off by the 

casting. Providing a large sample size to optimize this process, however, was not 
practically possible due to both fmancial and time constraints. 

One of the determinations made for the 15 hp BDFM design was to design for a 

maximum composite flux density of 3 Teslas. While the effects of saturation were not 

apparent during the reduced voltage testing, as expected, saturation effects were noticed 

as the power winding voltage was increased in an attempt to operate the BDFM at full 

voltage. At between 50 and 60 amps on the power winding and 16 amps on the control 

winding, the slightest increase in power winding voltages resulted in dramatic jumps in 

current, indicating saturation. While this was one of the factors preventing the operation 
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of the BDFM at full voltage, it occurred at current levels well above what was designed 

for. From the point of view of the design, then, the 3 Tesla flux density level was 
acceptable would not have resulted in degraded performance due to saturation if the 

current levels had not been so much higher than expected. 

It became apparent after discovering that power winding currents were larger 

than designed for that the facility that was used for testing was not adequate. The 
variac, as mentioned, was rated for 50 amps. In addition, the transducers used for data 

acquisition were rated for 50 amps. While they can generally produce reliable results at 

150% of their rating, it is not good practice to exceed ratings. In addition, the computer 

program that interfaced with the transducers had a bar graph current display that only 

could show up to 30 amps. For the purpose of verifying the transducer measurements as 

well as being able to see current levels above 30 amps, a current meter was used. These 

practical considerations should have been made well in advance of the motor being 

ready for testing. This motor should have been tested in a motor test facility with the 

capabilities of rigorously testing the machine. 

Figure 3.7 illustrates the discrepancies between the simulation and test results of 

the 15 hp design. The simulation of the 15 hp predicted currents that are on the order of 

50% less than the actual measured currents of the manufactured BDFM. This illustrates 

that the model for the BDFM in the simulation program needs to be improved. The 

main difference between the 5 and 15 hp designs are in the machine inductance. In 

general, larger power machines require higher torque, thus higher currents, thus lower 

inductances. It is likely that an error in the inductance calculation caused the lower 
simulation current prediction. This error is of course present in the 5 hp design as well, 

but since the overall inductance is higher, the error is relatively small. In the 15 hp 

design, the low inductance resulted in a larger error. 
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Chapter 4 

BDFM Design Conclusions and Recommendations 

This thesis has described the design, manufacture, and testing of two brushless 

doubly-fed machines. 

The 5 hp design incorporated 2 major improvements from the 'non-optimized' 

BDFM that preceded it: it had a custom stator instead of an induction motor stator, and 

it used a cast rotor instead of a manufactured rotor. The improvement of the stator was 

a very conservative improvement, in that it had the potential to provide a marked 
improvement, while not having the risk of introducing negative effects. 

The casting of the rotor was a major step towards bringing the BDFM closer to 

commercial manufacturability, but introduced many unknowns to the design. The 

casting process itself required the manufacture of a custom mold, which required close 

coordination with the casting contractor with respect to understanding each other's 
needs. The treatments that would be applied to the rotor to promote the isolation of the 

stack and the rotor bars had to be determined and experimented with, as did the 
parameters involved in casting. 

The 5 hp design was also the first design that used the Multiple Loop Model 
BDFM design simulation package to design and ultimately manufacture a BDFM. 
While the simulation had been tested with an existing BDFM that was also 5 
horsepower, using it for an original design is a much truer test of its ability to faithfully 

reproduce the performance of a BDFM. 

As shown in Chapter 2, the 5 hp BDFM design was largely successful. There 

were several important benefits that resulted from the 5 hp BDFM design. Experience 

and knowledge were gained in relation to the design and manufacture of castable rotors, 

and in relation to the casting process. Experience with rotor treatments to promote 

electrical isolation between the stack and the rotor bars, and identification of the relative 

effectiveness of the rotor treatments are important steps towards making cast rotor 

BDFMs perform as well as their induction motor counterparts. Success of a die-cast 



68 

rotor in synchronous mode operation is a significant benefit to BDFM development, 

showing that BDFM rotors can be manufactured inexpensively on a large scale, like 

squirrel cage rotors. For future BDFM development, the 5 hp BDFM design verified 

the BDFM simulation package, at least to the extent that it resulted in a reasonably close 

approximation of an actual machine. And finally, evidence that the BDFM had the 

potential to perform as well as its induction motor counterparts. All of these points lead 

to the conclusion that the BDFM was approaching commercial viability. 

The 15 hp BDFM design incorporated 2 major improvements from the 
preceding successful 5 hp development. First of all, moving to a larger power motor 

was a step towards showing that larger power BDFMs can also perform well compared 

to their induction motor counterparts. It was also done to show that the BDFM 
simulation program could successfully predict the performance of large BDFMs as well 

as smaller ones. The other large improvement was in relation to the heating of the 
BDFM; changing to a TEFC frame which had a fan power by a separate blower motor 

as opposed to mounted on the shaft. This improvement, like the improvement to a 

custom stator in the 5 hp design, was a rather safe, conservative improvement. The 
other improvements that were designed into the 15 hp design were adjustments to the 5 

hp design made to try to alleviate problems encountered during the testing of the 5 hp 

BDFM. Many of these involved the rotor: scaled slot sizes, uneven spacing of slots, 

and rounded slot types. 

Unlike the 5 hp BDFM, the changes incorporated into the 15 hp BDFM did not 

produce a successful design. The simulation program, while showing success with the 
5 hp design, underestimated the currents in the 15 hp machine by approximately 100%. 

There are several explanations for the poor performance of the simulation 
program in the case of the 15 hp design. First of all, the methods used in the programs 

for calculating the inductances is under review, as some inconsistencies were found 

when comparing various methods [16]. In the 15 hp BDFM design, the winding 

inductances, as reflected by the lower turns per coil on the windings, are considerably 

lower than for the 5 hp BDFM. If an error exists in the inductance calculation, it is 

realistic to assume that the error would be proportionally much larger when dealing 

with smaller inductances. This issue needs to be addressed, and if the simulation does 
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indeed have errors, these errors need to at least be identified, and ultimately fixed, to 

restore confidence in the simulation. Another issue that needs improvement in the 

simulation is the description of the rotor. Presently, the simulation program is incapable 

of modeling non uniform spacing on the rotor. The non-uniform rotor slot spacing in 

the 15 hp design was approximated by designing in an extra rotor loop of zero area. 

This approximation resulted in a physical layout of slots similar to the desired layout. 

Any approximation, however, introduces additional error into a system. This clearly 

has the potential to affect the accuracy of the modeling of the rotor in relation to the 
calculation of the rotor inductances. Until the behavior of the rotor is better understood, 

designing the rotor slots to have non-uniform spacing can introduce unknown effects, 

and should be avoided. In addition, in the case of the 15 hp BDFM, the spacing of the 

inner loop did not result in the desired effect of limiting heating between the innermost 

bars. 

Fundamentally, however, there are no major differences between the 15 hp and 

the 5 hp BDFMs. Many of the more significant design changes were due to the higher 

output power requirements, and don't represent what would be considered experimental 

development. Other changes include the relatively minor changes outlined in Chapters 

3 and 4. Further adjustments in this 15 hp BDFM design would certainly result in a 

working BDFM. 

Several aspects of this design process warrant mention due to their contributions 

to future BDFM research: 

1. Identification of the importance of preventing or reducing rotor inter-bar 
currents, called parasitic induction motor currents. It has been shown here and 

in [13] that limiting these currents is a key to successful BDFM operation. 

2. Much was learned about the treatments applied to the rotor to achieve bar to 

stack isolation. The application of these treatments needs to be more tightly 
defined and further researched. The quenching process represents an easy to 

implement, inexpensive, and effective treatment to prevent or reduce parasitic 

induction motor currents. The experience in the 15 hp design with the 
quenching of the rotors shows that this process should be better understood as 
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far as the benefits of quenching in relation to the amount of time and possibly 

the temperature that rotors should be quenched. 

3. The identification of the heating issue with respect to BDFM development 

needs to be further explored. Efforts in the 15 hp design to use a TEFC frame 

with a separate blower motor might provide enough cooling, but if not, the 
derating of the BDFM with respect to the horsepower vs. NEMA frame rating of 

induction motors needs to be considered. In the designs presented in this paper, 

the NEMA frames used to house these BDFMs were the same NEMA frame 
sizes used to house similarly sized induction motors. Using a larger sized 
NEMA frame would provide extra space for the additional iron needed for the 

BDFM, as well as would provide for additional cooling area. 
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Explanation of Terms 

In the descriptions of the appendices, there are terms that warrant a brief 
explanation to clarify the tests that were performed. Appendices A D concern the 5 

hp BDFM. When `New Stator' is used, the test was performed using the custom BDFM 

stator that was designed as per this report. `IM Stator' stands for the induction machine 

stator, which was used in the non-optimized BDFM machine. All of the testing shown 

here was done with a die-cast rotor, as opposed to the manufactured rotor. The '12' 
description refers to the process the rotor was subjected to in attempt to attain electrical 

isolation between the rotor bars and the rotor iron. In this case, '12' refers to a rotor 
that was left untreated and then quenched. The '7' rotor was treated with iron oxide 

(rust) and quenched [11]. Different rotor treatments resulted in various levels of 
performance of the BDFM, and the results in the appendices here represent among the 

best performance for the respective stators The loading of the machine is also 
indicated, and three different load profiles were used in the testing of the BDFM: 

constant torque, T (torque) a w2, and T a o)3. Since the machine is rated at 900 r/min 

(94.2 rad/s), 5 hp (3.73 kW), and torque is related to power by the relation T=Pko, 

100% load torque is 3730 / 94.2 = 39.6 Nm or 350.8 lb*in. Constant load means that at 

every speed, the rated load torque (or a percentage of it as indicated) is applied to the 

machine. For the torques proportional to 032, and co3, the load curve always goes 

through (0,0) and (900 r/min , 39.6 Nm), but varies according to the particular load 
profile at all other points. Table Al shows the torques of different profiles at different 

speeds in both English and Metric units. In all tables, the desired, high efficiency 

operating points are highlighted. 

Appendices E and F contain 15 hp BDFM data. The torque profiles are the 

same as described for the 5 hp BDFM. The rotor description is less cryptic, describing 

the treatment applied to the rotor in the heading. 
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Table Al: Torques of Test Load Profiles 

Speed (r/min) 900 850 800 750 700 650 600 

Metric (N*m) 
T a w2 (100 %) 39.6 35.3 31.3 27.5 24.0 20.7 17.6 
T a (03 (100%) 39.6 33.4 27.8 22.9 18.6 14.9 11.7 

English (1b*in) 
T a Co2 (100%) 350.8 312.7 277.3 243.6 212.6 183.4 155.9 
T a co3 (100%) 350.8 295.9 246.3 202.9 164.8 132.0 103.7 
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Appendix A.1 

5Hp, New Stator, Cast Rotor '12', 80% Load, T cc co3 

RPM LB -IN V A V A W W W % 
pf_6 speed torque V6 16 V2 12 pwr_2 pwr 6 pmech eff 

0.706 848.837 227.0699 231.4681 10.91 28.5796 5.59 131.6181 3085.283 2280.563 70.8932 
0.664 848.82 228.21 231.20 11.57 25.35 4.91 75.25 3073.57 2291.94 72.79 
0.617 848.11 227.78 231.17 12.37 21.95 4.24 25.13 3053.06 2285.78 74.26 

0.573 848.56 228.53 231.16 13.47 17.92 3.58 -14.43 3084.59 2294.51 74.74 
0.563 848.51 228.10 231.09 13.62 17.06 3.58 -17.87 3067.47 2290.01 75.09 
0.526 848.81 228.19 231.10 14.86 14.35 3.27 -31.58 3126.32 2291.77 74.05 

0.635 799.90 192.48 231.78 10.29 45.16 5.37 56.29 2620.96 1821.66 68.04 
0.596 799.90 192.36 231.69 10.87 41.57 4.71 -1.39 2597.36 1820.62 70.13 
0.558 800.00 191.82 231.57 11.54 37.97 4.06 -50.55 2581.74 1815.69 71.73 
0.521 800.03 191.73 231.49 12.41 33.68 3.42 -90.43 2589.70 1814.90 72.62 

0.488 799.96 191.67 231.38 13.40 30.58 2.89 -117.22 2619.31 1814.19 72.51 
0.466 800.16 191.66 231.36 14.24 28.51 2.63 -128.20 2657.50 1814.50 71.74 

0.486 749.27 155.92 232.08 11.12 62.75 3.79 -91.93 2168.68 1382.33 66.56 
0.469 749.19 155.30 231.96 11.48 60.97 3.45 -114.85 2161.85 1376.68 67.25 
0.458 749.26 155.09 231.84 11.80 59.63 3.19 -129.09 2165.05 1374.89 67.53 
0.445 749.28 155.09 231.94 12.15 58.13 2.93 -146.52 2171.01 1374.98 67.92 

0.421 749.25 154.70 231.57 12.96 54.64 2.39 -168.86 2188.11 1371.42 67.92 
0.410 749.28 154.65 231.25 13.45 52.52 2.15 -179.38 2208.00 1371.03 67.58 
0.409 749.18 154.60 231.44 13.48 52.64 2.15 -177.84 2209.18 1370.44 67.46 

0.421 697.90 125.23 232.49 10.94 89.85 3.55 -86.80 1850.71 1034.11 58.63 
0.400 698.00 125.71 232.43 11.56 86.28 2.99 -125.19 1856.35 1038.24 59.97 
0.388 697.68 125.27 232.48 11.90 84.64 2.70 -140.87 1857.02 1034.11 60.26 
0.379 697.82 125.97 232.47 12.28 82.52 2.43 -161.30 1869.64 1040.11 60.88 

0.360 697.82 125.47 232.07 12.99 78.43 1.92 -186.38 1875.85 1035.93 61.32 
0.353 697.94 126.03 232.13 13.41 76.56 1.71 -195.29 1901.25 1040.72 61.01 
0.347 697.90 126.53 232.13 13.85 74.72 1.51 -196.34 1928.57 1044.80 60.32 

0.396 649.36 100.58 232.65 10.31 120.33 3.98 37.99 1645.44 772.81 45.91 
0.368 649.23 100.47 232.54 11.04 114.88 3.18 -30.33 1635.51 771.78 48.08 
0.345 649.28 99.99 232.53 11.68 110.50 2.56 -82.47 1622.82 768.18 49.87 

0.311 649.13 99.82 232.50 13.27 101.33 1.31 -143.31 1658.19 766.69 50.61 
0.304 649.39 100.03 232.66 13.70 98.94 1.07 -153.44 1674.95 768.61 50.52 
0.296 649.23 100.12 232.45 14.27 95.77 0.80 -162.84 1699.72 769.10 50.04 

0.362 597.86 79.23 232.03 9.95 147.44 3.72 130.72 1447.49 560.49 35.51 
0.336 597.64 78.73 231.95 10.59 141.99 3.03 58.35 1429.40 556.75 37.42 
0.314 597.66 78.25 231.93 11.32 136.36 2.32 -0.30 1427.27 553.36 38.78 
0.296 597.86 78.38 231.83 12.11 130.41 1.62 -50.63 1434.98 554.46 40.05 
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Appendix A.2 

5 Hp, New Stator, Cast Rotor '12', Full Load, T oc co2 

RPM LB -IN V A V A W W W % 

speed torque V6 16 V2 12 pwr_2 pwr_6 pmech eff pf_6 

851.00 309.88 223.53 12.64 29.78 7.01 202.08 4172.82 3120.18 71.32 0.8535 
850.47 310.37 223.42 13.23 26.40 6.32 133.75 4108.53 3123.18 73.62 0.8037 
851.21 307.96 223.56 13.57 24.65 6.01 109.44 4105.05 3101.66 73.60 0.7824 

850.91 306.24 222.93 14.53 19.89 5.33 54.13 4074.16 3083.24 74.69 0.7273 

801.94 277.33 223.53 11.73 39.73 6.17 42.87 3641.93 2631.49 71.41 0.8026 
801.85 276.78 223.49 12.00 37.40 5.84 8.98 3621.80 2625.97 72.33 0.7807 
801.88 276.83 223.47 12.33 34.86 5.52 -20.12 3611.36 2626.53 73.14 0.7576 
801.95 276.03 223.18 12.74 31.94 5.18 -50.89 3603.48 2619.14 73.73 0.7323 
801.94 275.94 223.28 13.26 28.81 4.86 -75.42 3603.90 2618.32 74.21 0.7038 

751.33 241.00 224.15 11.11 58.26 5.22 -92.58 3169.97 2142.42 69.62 0.7360 
751.26 241.02 224.06 11.38 55.93 4.91 -120.32 3156.73 2142.38 70.56 0.7158 
751.33 240.67 223.93 11.68 53.58 4.63 -147.00 3151.33 2139.50 71.21 0.6963 
751.11 240.25 224.06 12.00 51.75 4.37 -167.29 3148.10 2135.14 71.63 0.6765 
751.32 240.35 223.95 12.41 49.24 4.11 -189.11 3154.26 2136.61 72.06 0.6559 

751.13 240.05 223.88 13.70 42.41 3.58 -226.70 3188.71 2133.43 72.03 0.6009 

699.80 212.00 224.81 10.92 79.74 4.31 -187.22 2829.28 1755.39 66.44 0.6659 
699.77 212.19 224.90 11.25 77.23 4.02 -213.41 2828.46 1756.85 67.18 0.6463 
699.93 212.44 225.01 11.59 74.70 3.75 -234.31 2833.84 1759.29 67.68 0.6280 
699.86 212.33 224.95 11.97 72.03 3.49 -256.11 2837.57 1758.29 68.11 0.6092 
699.81 212.27 225.15 12.40 69.34 3.24 -272.00 2850.07 1757.61 68.18 0.5899 

699.72 211.80 224.80 13.54 62.39 2.80 -296.26 2878.10 1753.52 67.92 0.5465 

650.93 179.71 225.32 10.75 101.41 3.49 -216.01 2465.69 1384.09 61.52 0.5885 
650.94 179.38 225.43 11.07 98.87 3.22 -236.86 2468.72 1381.59 61.90 0.5717 
650.80 179.67 225.66 11.43 96.43 2.97 -259.97 2474.07 1383.52 62.49 0.5546 
650.74 179.74 225.61 11.78 93.77 2.73 -277.48 2477.23 1383.93 62.91 0.5387 
650.69 179.23 225.39 12.12 91.22 2.51 -289.44 2475.40 1379.87 63.12 0.5240 

, 
650.74 178.85 225.13 12.97 85.20 2.16 -313.41 2497.97 1377.10 63.04 0.4945 
650.85 179.37 225.36 13.55 81.96 2.04 -319.12 2528.50 1381.27 62.52 0.4787 

599.37 157.77 225.81 10.13 129.10 3.52 -196.40 2215.37 1118.84 55.42 0.5598 
599.40 157.24 225.44 10.39 126.35 3.25 -219.68 2211.40 1115.20 55.99 0.5456 
599.38 157.54 225.68 10.72 123.62 2.97 -242.10 2207.32 1117.26 56.85 0.5273 
599.29 156.88 225.51 11.02 120.88 2.71 -264.26 2204.02 1112.40 57.35 0.5126 
599.41 156.85 225.20 11.36 117.77 2.47 -285.98 2209.69 1112.37 57.82 0.4992 
599.28 155.77 224.75 11.64 114.98 2.23 -296.70 2199.82 1104.52 58.04 0.4859 

599.41 156.64 225.06 12.41 109.59 1.87 -321.26 2224.75 1110.95 58.36 0.4605 
599.32 155.51 224.75 12.79 106.69 1.73 -327.62 2232.38 1102.71 57.89 0.4490 
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Appendix A.3 

5 Hp, New Stator, Cast Rotor '12', 80% Constant Load 

RPM LB -IN V A V A W W W % 

speed torque V6 16 V2 12 pwr_2 I pwr_6 pmech eff pf_6 

848.82 276.51 228.17 11.86 30.60 6.19 213.65 3813.65 2777.07 68.96 0.8148 
848.83 275.87 228.19 12.07 28.82 5.87 180.23 3781.86 2770.64 69.93 0.7934 
848.15 277.00 228.14 12.39 26.58 5.53 142.99 3756.70 2779.79 71.28 0.7685 
848.75 276.06 228.12 12.77 24.35 5.21 113.01 3751.97 2772.30 71.73 0.7442 
848.99 276.77 228.04 13.30 21.82 4.87 81.76 3755.96 2780.27 72.45 0.7159 
848.69 276.07 227.61 14.02 18.90 4.55 56.23 3772.10 2772.20 72.41 0.6835 
- . z -,;',... . ` ;.C. a 

797.07 279.55 229.18 11.47 47.58 7.04 210.90 3838.33 2636.41 65.11 0.8437 
797.47 278.91 229.23 11.81 42.87 6.39 127.70 3780.65 2631.68 67.33 0.8075 
797.55 278.75 229.18 12.30 37.88 5.76 52.59 3747.05 2630.43 69.23 0.7681 
797.27 278.74 229.27 12.48 36.34 5.61 33.79 3743.06 2629.43 69.62 0.7559 
797.26 278.37 229.22 13.07 31.48 5.11 -14.92 3729.60 2625.91 70.69 0.7199 

797.36 278.03 229.09 14.54 22.01 4.47 -71.93 3777.51 2623.07 70.79 0.6555 

746.47 280.91 229.51 11.31 69.72 7.46 179.65 3842.12 2481.07 61.69 0.8553 
747.16 279.69 228.79 11.58 64.27 6.83 81.19 3780.04 2472.57 64.04 0.8246 
746.87 280.03 229.18 11.64 63.50 6.73 71.43 3777.72 2474.59 64.29 0.8186 
746.49 279.72 229.25 11.77 61.74 6.50 38.48 3760.36 2470.60 65.04 0.8058 
747.22 279.85 229.26 12.26 55.69 5.89 -43.02 3735.05 2474.20 67.01 0.7679 
746.90 279.67 229.12 12.95 48.41 5.27 -118.75 3723.90 2471.54 68.56 0.7255 
746.59 279.29 229.13 13.33 45.20 5.00 -147.44 3722.68 2467.18 69.01 0.7045 

746.90 279.33 229.09 14.61 36.87 4.50 -193.78 3775.42 2468.52 68.92 0.6520 

698.53 279.72 229.17 11.27 91.05 7.50 105.79 3814.65 2311.93 58.97 0.8536 
698.19 278.95 229.07 11.36 88.45 7.18 53.76 3776.79 2304.40 60.16 0.8388 
698.15 278.99 229.18 11.71 82.51 6.57 -45.80 3740.43 2304.57 62.38 0.8054 
698.20 278.71 229.23 12.15 76.33 5.97 -132.04 3709.05 2302.49 64.37 0.7701 
698.34 279.10 229.21 12.67 70.37 5.45 -205.06 3699.75 2306.16 65.99 0.7364 

. 

698.08 278.40 228.88 14.89 50.88 4.39 -319.21 3771.05 2299.45 66.62 0.6395 
698.08 278.51 228.93 14.00 57.68 4.65 -297.07 3726.59 2300.42 67.08 0.6723 

649.52 281.62 229.09 12.73 90.43 5.54 -308.01 3740.35 2164.24 63.05 0.7416 
649.62 281.49 229.13 13.40 82.65 5.03 -377.14 3742.95 2163.59 64.28 0.7047 
649.57 281.53 229.04 14.47 72.24 4.54 -430.24 3782.44 2163.79 64.55 0.6596 
598.28 281.18 229.49 11.42 135.46 7.20 -104.04 3818.33 1990.39 53.59 0.8421 
598.25 281.72 229.29 11.79 128.31 6.64 -215.89 3798.92 1994.14 55.66 0.8121 
598.24 281.74 229.30 12.16 121.63 6.10 -309.95 3767.99 1994.24 57.67 0.7813 
598.16 281.90 229.45 12.56 115.57 5.66 -383.49 3756.82 1995.12 59.14 0.7535 
598.17 281.62 229.28 13.26 106.03 5.09 -476.27 3753.54 1993.22 60.82 0.7136 
598.12 281.41 229.17 14.06 96.50 4.62 -533.66 3766.28 1991.50 61.61 0.6757 

1,1 F , . -.r i. 
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Appendix A.4  

5 Hp, New Stator, Cast Rotor '12', 60% Constant Load  

RPM LB -IN V A V A W W W % 
speed torque V6 16 V2 12 pwr_2 pwr_6 pmech eff 

848.84 206.17 230.73 9.37 35.90 6.47 280.37 2925.58 2070.70 64.59 
849.03 206.26 230.93 9.73 32.53 5.81 207.57 2869.90 2072.07 67.33 
849.05 206.06 230.90 10.23 29.06 5.15 140.16 2830.93 2070.05 69.67 
848.95 205.43 230.89 10.85 25.46 4.49 82.25 2804.23 2063.50 71.49 
849.10 205.78 230.83 11.67 21.46 3.82 32.15 2802.90 2067.37 72.92 

799.95 207.57 230.77 9.32 53.40 6.93 275.83 2935.91 1964.61 61.17 
799.93 206.92 230.83 9.62 49.44 6.27 190.50 2874.41 1958.46 63.90 
799.95 206.44 230.79 9.89 46.86 5.84 139.40 2843.39 1953.96 65.51 

799.83 206.64 230.77 10.54 41.26 4.97 44.17 2800.15 1955.53 68.75 
799.95 206.21 230.61 11.14 36.98 4.34 -15.41 2777.99 1951.78 70.65 

799.98 205.95 230.39 13.07 26.33 3.13 -100.19 2817.05 1949.36 71.75 

749.48 210.98 230.37 9.57 72.82 6.66 168.96 2924.94 1870.92 60.47 
749.47 211.53 230.38 9.94 68.23 6.03 79.70 2888.41 1875.82 63.20 
749.51 210.99 230.31 10.38 63.54 5.40 0.54 2851.07 1871.08 65.61 

749.49 211.05 230.21 10.93 58.54 4.78 -67.49 2832.06 1871.61 67.70 
749.48 210.91 230.20 11.56 53.72 4.19 -123.57 2824.82 1870.29 69.24 

749.18 210.35 230.12 12.73 47.11 3.48 -180.69 2848.90 1864.64 69.88 

698.08 210.77 230.00 9.41 98.85 6.99 149.56 2916.15 1740.88 56.79 
698.04 208.45 230.03 9.70 94.35 6.35 56.04 2850.57 1721.61 59.23 
698.16 208.17 230.01 10.09 89.31 5.75 -29.32 2814.82 1719.61 61.73 
698.13 208.22 230.02 10.58 84.12 5.13 -108.01 2795.94 1719.98 63.99 
698.19 207.91 229.94 11.07 79.49 4.60 -171.70 2779.36 1717.56 65.87 
698.05 208.01 229.97 11.60 75.13 4.15 -215.88 2783.11 1718.01 66.92 

698.09 208.23 229.97 13.65 61.24 3.07 -300.80 2855.80 1719.90 67.32 

646.93 207.42 230.32 10.10 114.92 5.84 -63.42 2833.26 1587.72 57.32 
647.13 207.39 230.23 10.82 105.62 4.91 -211.69 2785.25 1587.95 61.70 
647.11 207.13 230.25 11.39 99.78 4.35 -276.83 2778.73 1585.94 63.39 
647.02 207.35 230.17 12.01 94.08 3.85 -328.83 2785.00 1587.38 64.63 

646.82 206.85 229.99 13.39 83.09 3.14 -390.47 2824.20 1583.05 65.05 
647.02 207.02 230.04 13.86 79.76 2.99 -399.51 2852.43 1584.84 64.61 

598.27 210.87 230.47 10.52 133.57 5.43 -199.12 2870.66 1492.66 55.87 

598.43 210.91 230.34 10.97 127.46 4.88 -277.74 2850.65 1493.35 58.04 

598.27 210.73 230.28 11.48 121.40 4.35 -345.18 2838.03 1491.72 59.84 
598.20 210.44 230.19 12.07 115.13 3.86 -403.43 2838.91 1489.49 61.16 

598.13 210.12 230.13 13.63 100.74 3.08 -483.92 2875.52 1487.05 62.18 

598.23 210.38 230.24 14.31 95.52 2.94 -494.27 2916.22 1489.12 61.48 
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Appendix B.1  

5 Hp, IM Stator, Cast Rotor '12', 80% Load, T oc co3  

LB-1N RPM V A V A W W W % 
torque speed V6 16 V2 12 pwr_2 pwr_6 pmech eff pf_6 

848.15 230.07 228.18 10.61 22.59 7.85 131.85 3255.79 2308.77 68.15 0.78 
849.58 229.64 228.19 10.79 21.79 7.51 112.14 3249.32 2308.38 68.67 0.76 
849.44 230.59 228.22 10.97 20.96 7.14 89.50 3232.76 2317.56 69.76 0.75 
849.57 230.75 227.94 11.27 20.02 6.80 71.09 3256.31 2319.56 69.71 0.73 
848.63 229.69 227.95 11.48 19.18 6.45 52.32 3239.43 2306.34 70.06 0.71 
848.21 230.49 228.21 11.78 18.19 6.10 35.51 3255.36 2313.19 70.29 0.70 

799.66 190.38 228.83 9.96 36.86 8.22 193.95 2958.05 1801.25 57.15 0.75 
800.72 190.26 228.71 10.18 34.92 7.52 138.33 2917.88 1802.57 58.98 0.72 
800.83 190.22 228.98 10.46 33.26 6.81 89.02 2888.79 1802.39 60.53 0.70 
800.68 190.06 228.67 10.77 31.39 6.12 43.80 2870.80 1800.58 61.78 0.67 
799.89 190.96 228.94 11.18 29.69 5.42 7.65 2869.36 1807.27 62.82 0.65 
800.75 190.71 228.87 11.58 27.79 4.72 -24.05 2857.20 1806.86 63.78 0.62 

747.18 157.21 228.96 9.63 55.59 8.17 235.92 2617.87 1389.84 48.70 0.69 
747.99 158.91 229.12 10.04 52.75 7.11 148.24 2588.52 1406.39 51.39 0.65 
748.60 159.03 229.10 10.46 49.83 6.08 70.37 2541.85 1408.59 53.92 0.61 
748.28 158.17 228.88 10.78 48.07 5.36 28.71 2516.16 1400.43 55.03 0.59 

699.96 127.29 228.95 9.29 73.74 8.06 300.36 2256.87 1054.19 41.22 0.61 
700.09 125.88 228.83 9.64 71.89 7.34 250.20 2249.26 1042.76 41.72 0.59 
699.95 125.40 228.73 10.06 70.11 6.60 208.13 2255.47 1038.52 42.15 0.57 
699.05 125.88 228.58 10.45 66.81 5.57 116.73 2204.16 1041.21 44.86 0.53 

601.12 84.80 229.01 10.65 111.12 7.32 759.08 2188.83 603.13 20.46 0.52 
600.20 85.43 229.28 11.09 105.75 5.91 546.10 2074.56 606.66 23.15 0.47 
601.16 83.66 229.34 11.25 101.84 4.92 382.83 1936.03 595.04 25.66 0.43 
600.13 83.32 229.33 11.48 99.12 4.21 293.56 1875.44 591.66 27.28 0.41 
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Appendix B.2  

5 Hp, IM Stator, Cast Rotor '7', 60% Constant Load  

RF1V1 LB-IN V A V A w w w 0/0 

Speed Torque V6 16 V2 2 pw r_2 Pw r_6 prrech eff pf_6 

849.47 209.72 230.55 9.42 24.23 7.72 168.03 2996.98 2107.89 66.60 0.80 
849.15 208.83 230.51 9.88 21.79 6.67 101.32 2945.95 2098.10 68.85 0.75 
850.14 206.11 230.74 10.21 20.05 5.98 63.29 2895.65 2073.20 70.07 0.71 
850.14 207.55 230.57 10.73 18.21 5.28 27.25 2905.97 2087.69 71.17 0.68 

Y. 

802.20 207.47 230.52 9.54 34.57 7.88 122.81 2967.87 1969.28 63.72 0.78 
802.27 208.69 230.63 9.84 32.31 7.19 70.64 2954.86 1980.99 65.48 0.75 
802.22 208.57 230.81 10.18 30.21 6.49 23.64 2933.50 1979.71 66.95 0.72 
801.27 208.02 230.72 10.57 28.10 5.81 -14.60 2921.96 1972.14 67.83 0.69 
801.21 208.14 230.74 11.10 25.41 5.11 -54.86 2924.83 1973.10 68.75 0.66 

749.62 207.23 230.80 9.81 48.85 7.62 42.11 2949.32 1838.01 61.44 0.75 
749.67 207.69 230.64 10.11 46.41 6.93 -13.66 2934.65 1842.20 63.07 0.73 
749.60 208.10 230.66 10.47 43.84 6.26 -63.78 2928.27 1845.68 64.43 0.70 
748.39 208.23 230.63 10.90 41.15 5.58 - 106.77 2924.78 1843.88 65.43 0.67 
749.62 207.71 230.66 11.40 38.43 4.94 -144.96 2929.88 1842.28 66.15 0.64 

748.54 207.38 230.35 11.95 36.06 4.38 -173.36 2938.63 1836.67 66.42 0.62 

701.41 207.76 230.76 9.90 63.77 7.66 -14.11 2951.58 1724.21 58.70 0.75 
700.51 207.40 230.29 10.14 61.13 7.00 -75.82 2921.99 1718.98 60.40 0.72 
701.55 207.19 229.47 10.61 56.39 6.01 -153.97 2897.15 1719.82 62.69 0.69 
701.44 208.80 230.37 11.11 53.99 5.43 -197.99 2925.09 1732.94 63.55 0.66 
700.44 208.97 230.28 11.59 51.34 4.85 -235.61 2940.12 1731.88 64.04 0.64 

e` 

601.55 209.36 229.80 9.93 96.64 7.70 -99.89 2986.33 1490.15 51.63 0.76 
602.63 208.99 229.76 9.92 96.52 7.70 -101.19 2979.67 1490.14 51.77 0.75 
601.62 209.51 229.79 10.50 90.44 6.47 -224.66 2963.05 1491.36 54.46 0.71 
602.58 208.79 229.50 10.82 86.69 5.88 -293.42 2935.04 1488.60 56.35 0.68 



82 

Appendix C.1  

5 Hp, 8-Pole Induction Motor and Drive Test Data, Full Pump Load, T oc cue  

A A A LB-IN RPM V V V W W % V A 
i6a Mb I6c toque speed v6ab vex v6ca pAr_6 pmech elf v6avg i6avg pt_6 

8.48 8.14 8.38 234.5 850.6 226.8 2215 228.7 3114.5 2359.8 75.8 228.3 8.33 0.95 
6.84 6.52 6.78 193.2 800.8 228.1 230.7 230.1 2530.4 1831.0 72.4 229.6 6.72 0.95 
5.51 5.26 5.56 161.1 7492 229.5 231.4 230.7 2057.9 1428.5 69.4 2302 5.44 0.95 
4.46 422 4.55 1321 698.9 228.7 231.8 231.1 1666.4 1092.3 65.5 230.5 4.41 0.95 
a56 3.33 3.65 102.9 652.3 228.8 231.8 231.3 1319.9 794.5 602 230.6 3.51 0.94 
2.93 2.74 3.03 82.3 597.0 229.7 2325 2320 1082.8 581.7 53.7 231.4 2.90 0.93 
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Appendix D.1 

5 Hp Simulation Data for Comparison with Appendix A.1 

Simulatiai Verification with 80% fan Ical 
Nr Te Ix lc Pfc Ip Pfp Pp Qp Elf Pm Pc Qc Prcu Pccu Ppcu 

848 25.7 17.1 4.49 0.3 9.9 0.71 2.79 2.79 80.5 2.28 0.04 0.1 191.6 152.3 1952 
225.5848 25.7 13.9 4.39 0.3 10.64 0.67 2.82 3.16 79.8 229 0.04 0.1 1912 145.5 

848 25.7 10.7 4.45 0.5 11.8 0.61 2.89 3.71 77.8 228 0.04 0.1 205.8 1492 2772 

800 21.7 31.6 3.74 -0.4 92 0.63 2.33 2.83 81.1 122 -0.08 02 140.5 105.6 168.4 

800 21.7 26.6 3.62 -0.5 9.91 0.6 2.35 3.17 80.3 1.82 -00e 0.1 139.7 992 195.6 

21.7 21 3.62 -0.7 10.75 0.56 2.39 3.55 78.8 122 -009 0.1 146.6 99 2302800 
21.7 14.4 3.79 -0.8 11.79 0.52 2.46 4 762 1.82 -0.07 0.1 165.8 108.5 276.7800 

3.96 -0.8 12.38 0.51 2.5 425 74.5 1.82 -0.06 0 181.4 118.3 305.1800 21.7 10.8  
800 21.7 7.1 4.18  -0.8 13.01 0.49 2.55 4.51 72.5 1.82 -0.04 0 201.8 132 336.9 

749 17.5 41.5 2.84 -0.9 9.98 0.48 1.92 3.48 78.8 1.37 -0.18 0.1 1025 60.9 198.5 

749 17.5 37.5 2.88 -0.9 10.48 0.47 1.95 3.7 77.5 1.37 -0.17 0.1 108.4 62.6 218.8 

17.5 34.4 2.94 -1.0 10.87 0.45 1.97 3.86 76.4 1.37 -0.17 0 114.5 65.4 235.3749  
749 17.5 312 3.04 -1.0 11.28 0.44 1.99 4.03 75.0 1.37 -0.16 0  122.5 69.7 253.1 

749 17.5 312 3.04 -1.0 11.28 0.44 1.99 4.03 75.0 1.37 -0.16 0 122.5 69.7 253.1 

749 17.5 24.7 3.31 -1.0 12.1 0.42 2.05 4.37 72.1 1.37 -0.14 0 143.4 E2.7 291.7 

749 17.5 20 3.56 -1.0 12.71 0.41 2.09 4.61 69.7 137 -0.12 0 162.6 95.7 32t6 
4.72 68.6 1.37 -0.11 0 171.9 1023 335749 17.5 18 3.68 -1.0 12.97 0.41 2.11 

14.1 65.6 225 -Q9 926 0.42 1.55 3.35 78.1 1.03 -0.23 0.1 74.7 38.4 170.7 

698 14.1 59 226 -1.0 9.94 0.4 1.58 3.63 762 1.03 -0.23 0.1 
698 

802 38.6 196.6 

638 14.1 56 2.3 -1.0 10.25 0.39 1.59 3.76 752 1.03 -0.22 0 84.1 40 209.3 

10.64 0.38 1.61 3.92 73.8 1.03 -0.22 0 90.1 42.8 225.3698 14.1 52.4 2.38 -1.0 
1.64 4.15 71.6 1.03 -02 0 1012 49 249.5698 14.1 47.1 2.55 -1.0 112 0.37 

E98 14.1 42.4 2.74 -1.0 11.7 0.36 1.68 4.35 69.4 1.03 -0.19 0.1 113.6 56.6 272.6 

698 14.1 382 2.94 -09 12.16 0.35 1.71 4.53 67.4 1.03 -0.18 0.1 126.7 65.3 294.4 
-0.16 0.1 1402 74.6 315698 14.1 34.4 3.14 -0.9 12.58 0.35 1.74 4.7 65.4 1.03 

2.14 -0.6 7.7 0.4 1.22 222 78.1 0.77 -0.23 0.3 60.9 34.7 118649 1129 101.4 
8.46 0.37 124 3.13 77.0 0.77 -024 02 57.7 26.8 142.4649 1129 92.8 1.88 -08 

649 1129 83.5 1.77 -1.0 928 0.34 127 3.47 74.8 0.77 -024 0.1 602 23.6 171.6 

649 11.29 75.1 1.83 -1.0 10.04 0.33 1.3 3.78 72.0 0.77 -024 0 67.8 25.3 200.6 

649 1129 65.9 2.07 -1.0 10.88 0.31 1.35 4.12 682 0.77 -0.22 0.1 81.9 32.4 235.6 

649 1129 59.3 2.33 -0.9 11.49 0.3 1.38 4.36 652 0.77 -021 0.1 95.9 40.9 262.7 

1.42 -0.19 111.3 51 288.6649 1129 53.4 2.6 -0.8 12.04 0.3 4.58 62.4 0.77 0.1 

597 8.81 138.7 2.35 -04 6.56 0.36 0.95 2.43 74.4 0.56 -021 0.5 62 41.6 85.5 

597 8.81 130.7 2 -0.5 7.16 0.34 0.96 2.69 74.7 0.55 -0.22 0.4 53.7 30.3 102.1 

119.3597 8.81 123.1 1.72 -0.6 7.74 0.32 0.97 2.93 742 0.55 -023 0.3 49 22.3 

597 8.8 113.1 1.44 -0.9 8.52 0.29 1 324 72.5 0.55 -024 02 47.3 15.7 144.5 

597 8.81 104.5 1.35 -1.0 9.19 028 1.02 3.51 702 0.55 -0.24 0.1 49.9 13.8 168 
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Appendix E.1  

15 Hp, Reduced Voltage (115 V), Full Pump Load, T cc cot, Coreplated #1 Rotor,  
Quenched 

A A LB-IN RPM V V W W W % 
i2avg i6avg torque speed v2avg V6avg pwr_2 pwr_6 pmech eff pf_6 

13.98 29.79 235.00 850.00 39.28 116.22 756.25 5373.96 2361.19 0.385173 0.896069 
13.27 29.33 235.00 850.00 38.31 116.35 689.24 5262.40 2361.19 0.39673 0.890411 
12.56 28.44 235.00 850.00 37.44 116.91 633.20 5138.71 2361.19 0.409084 0.892195 
12.04 28.25 235.00 850.00 36.48 116.88 589.41 5051.37 2361.19 0.418593 0.883265 
11.15 28.23 235.00 850.00 34.98 116.86 515.79 4941.15 2361.19 0.432696 0.8646 
10.42 28.17 235.00 850.00 33.66 116.82 460.10 4837.45 2361.19 0.445714 0.848578 
9.72 28.26 235.00 850.00 32.52 116.71 409.48 4750.36 2361.19 0.457609 0.831623 
9.02 28.44 235.00 850.00 31.30 116.56 361.93 4677.85 2361.19 0.468511 0.814806 
8.56 28.60 235.00 850.00 30.50 116.48 329.95 4634.02 2361.19 0.475667 0.803031 
7.60 29.01 235.00 850.00 28.89 116.30 276.14 4540.82 2361.19 0.490183 0.776986 
6.89 29.46 235.00 850.00 27.58 116.15 235.83 4486.81 2361.19 0.499974 0.757099 
6.27 29.89 235.00 850.00 26.55 115.99 203.56 4431.64 2361.19 0.509406 0.738092 
5.47 30.60 235.00 850.00 25.29 115.66 168.29 4361.50 2361.19 0.52126 0.71152 
4.86 31.40 235.00 850.00 24.51 115.51 141.19 4319.05 2361.19 0.529387 0.687588 

11.82 28.57 208.00 800.00 50.47 117.15 813.98 4766.12 1966.97 0.352497 0.822284 
11.12 28.70 208.00 800.00 48.83 116.98 745.99 4672.84 1966.97 0.362988 0.803659 
10.38 28.97 208.00 800.00 47.09 116.75 679.80 4588.01 1966.97 0.373395 0.783195 
9.65 29.35 208.00 800.00 45.70 116.57 619.23 4508.73 1966.97 0.383578 0.760765 
8.92 29.74 208.00 800.00 43.99 116.24 557.65 4424.63 1966.97 0.394793 0.738858 
8.35 30.28 208.00 800.00 42.62 116.16 512.45 4378.28 1966.97 0.402183 0.718625 
7.46 31.31 208.00 800.00 40.49 116.12 443.02 4307.35 1966.97 0.414067 0.683952 
6.76 32.27 208.00 800.00 38.75 115.78 390.18 4232.33 1966.97 0.42552 0.654054 

11.61 29.69 182.00 750.00 66.28 116.37 1078.39 4578.45 1613.53 0.285235 0.7652 
10.88 29.98 182.00 750.00 64.38 116.27 1003.97 4447.58 1613.53 0.295977 0.736656 
10.14 30.66 182.00 750.00 62.14 116.10 923.63 4370.09 1613.53 0.304802 0.708763 
9.43 31.32 182.00 750.00 59.71 115.85 844.53 4286.37 1613.53 0.314474 0.682052 
8.75 32.22 182.00 750.00 57.31 115.66 769.71 4214.43 1613.53 0.323733 0.652967 
7.99 33.55 182.00 750.00 54.38 115.38 680.87 4130.53 1613.53 0.335356 0.616069 

11.34 30.80 159.00 700.00 82.21 116.09 1358.20 4288.94 1315.65 0.232976 0.692581 
10.62 31.78 159.00 700.00 78.97 115.85 1251.30 4243.85 1315.65 0.23942 0.665589 
9.90 32.79 159.00 700.00 75.57 115.55 1143.85 4159.56 1315.65 0.248076 0.633765 

15.04 29.85 137.00 650.00 112.25 116.35 2367.12 4599.38 1052.64 0.1511 0.76444 
14.32 30.32 137.00 650.00 109.19 116.14 2220.32 4503.21 1052.64 0.15656 0.738344 
13.60 30.89 137.00 650.00 106.22 115.98 2083.70 4419.73 1052.64 0.161859 0.712153 
12.87 31.60 137.00 650.00 102.79 115.83 1943.64 4333.99 1052.64 0.167681 0.683699 
12.16 32.51 137.00 650.00 99.03 115.61 1810.50 4228.11 1052.64 0.174318 0.649597 
11.45 33.80 137.00 650.00 94.40 115.34 1669.56 4132.75 1052.64 0.181417 0.61207 
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Appendix F.1  

15 Hp Reduced Voltage (115 V) Simulation for Comparison with Appendix E.1  

Nr Te Ix lc Pfc Ip Pfp P6 Qp Eff Pm P2 Qc Prcu Pccu Ppcu 
850 26.5 17.6 622 -0.15 14.67 0.90 2.65 1.29 89.94 2.36 -0.03 020 10920 94.20 54.70 
850 26.5 17.3 6.13 -0.17 14.83 0.89 2.65 1.36 90.07 2.36 -0.03 0.20 10720 91.70 55.90 
850 26.5 17.3 6.13 -0.17 14.83 0.89 2.65 1.36 90.07 2.36 -0.03 0.20 10720 91.70 55.90 
850 26.5 17.1 6.07 -0.18 14.95 0.88 2.65 1.42 90.14 2.36 -0.03 020 105.80 89.90 56.80 
850 26.5 16.5 5.93 -0.22 1528 0.86 2.65 1.55 90.32 2.36 -0.04 0.20 102.60 85.60 59.30 
850 26.5 16 5.81 -0.26 15.55 0.85 2.65 1.66 90.44 2.36 -0.04 020 100.40 82.40 61.50 
850 26.5 15.4 5.70 -0.29 15.87 0.83 2.65 1.77 90.54 2.36 -0.04 0.10 98.30 79.20 64.00 
850 26.5 14.9 5.59 -0.33 1621 0.81 2.65 1.89 90.61 2.36 -0.05 0.10 96.50 76.20 66.80 
850 26.5 14.5 5.52 -0.36 16.46 0.80 2.65 1.98 90.64 2.36 -0.05 0.10 95.40 74.30 68.90 
850 26.5 13.7 5.39 -0.42 17.03 0.78 2.66 2.16 90.65 2.36 -0.05 0.10 93.80 70.70 73.70 
850 26.5 13 5.29 -0.47 17.51 0.76 2.66 2.30 90.62 2.36 -0.06 0.10 93.10 68.30 77.90 
850 26.5 12.5 5.24 -0.51 17.84 0.74 2.66 2.40 90.57 2.36 -0.06 0.10 92.90 66.90 80.90 
850 26.5 11.5 5.15 -059 18.64 0.71 2.67 2.63 90.37 2.36 -0.06 0.10 93.40 64.50 88.30 
850 26.5 10.6 5.10 -0.65 19.32 0.69 2.68 2.81 90.13 2.36 -0.06 0.10 94.70 63.40 94.90 
850 26.5 9 5.09 4176 20.68 0.65 2.70 3.16 89.47 2.36 -0.06 0.10 99.70 63.20 108.70 

800 23.49 35.7 5.32 -0.47 14.18 0.82 2.33 1.64 90.46 1.97 -0.16 0.30 83.80 68.80 51.10 
800 23.49 34.9 5.20 -0.50 14.49 0.80 2.33 1.74 90.56 1.97 -0.16 0.30 81.80 65.90 53.30 
800 23.49 34.1 5.08 -0.54 14.87 0.78 2.33 1.87 90.66 1.97 -0.16 0.30 79.90 62.80 56.20 
800 23.49 33.1 4.95 -0.58 15.31 0.76 2.33 2.00 90.73 1.97 -0.17 0.20 78.20 59.70 59.50 
800 23.49 32.1 4.83 -0.63 15.80 0.74 2.34 2.15 90.74 1.97 -0.17 0.20 76.80 56.80 63.40 
800 23.49 31.1 4.73 -0.67 16.25 0.72 2.34 228 90.71 1.97 -0.17 0.20 76.10 54.60 67.10 
800 23.49 29.7 4.62 -0.73 16.96 0.69 2.35 247 90.58 1.97 -0.17 0.20 75.80 51.90 73.10 
800 23.49 28 4.52 -0.80 17.87 0.66 2.36 2.71 9029 1.97 -0.18 0.10 76.70 49.70 81.20 
800 23.49 25.5 4.47 -0.89 19.27 0.61 2.37 3.06 89.62 1.97 -0.18 0.10 80.60 48.60 94.40 

750 20.64 55.1 4.74 -0.54 13.33 0.76 2.04 1.74 90.45 1.62 -025 0.40 68.20 54.70 4520 
750 20.64 53.6 4.57 -0.59 13.83 0.73 2.04 1.89 90.60 1.62 -025 0.30 65.90 50.90 48.60 
750 20.65 52 4.41 -0.64 14.40 0.71 2.04 2.05 90.67 1.62 -025 0.30 64.00 47.30 52.70 
750 20.64 50.5 427 -0.69 14.98 0.68 2.05 2.21 90.67 1.62 -026 0.30 62.70 44.30 57.00 
750 20.65 48.6 4.12 -0.75 15.71 0.65 2.05 2.40 90.56 1.62 -026 0.20 62.00 41.40 62.70 
750 20.64 46.1 3.99 -0.83 16.70 0.61 2.06 2.65 9026 1.62 -026 0.20 62.40 38.70 70.90 
750 20.64 412 3.90 -0.95 18.77 0.55 2.08 3.14 89.11 1.62 -026 0.10 67.90 37.10 89.60 

700 17.98 74.1 4.19 -0.58 12.73 0.69 1.77 1.85 90.31 1.32 -0.31 0.4 55.5 42.9 412 
700 17.98 72 4.01 -0.63 13.33 0.66 1.77 2.01 90.41 1.32 -0.32 0.4 53.4 39.1 452 
700 17.98 69.8 3.83 -0.69 14 0.63 1.78 2.18 90.43 1.32 -0.32 0.3 51.9 35.7 49.8 
700 17.98 66.5 3.61 -0.78 15.05 0.59 1.78 2.44 90.26 1.32 -032 0.3 50.9 31.7 57.6 

650 15.51 102.8 4.65 -0.39 9.93 0.76 1.52 1.29 88.41 1.06 -0.33 0.8 58.8 52.6 25.1 
650 15.51 101.1 4.47 -0.42 10.3 0.73 1.52 1.41 88.81 1.06 -0.33 0.7 55.8 48.7 27 
650 15.5 99.5 4.32 -0.45 10.64 0.71 1.52 1.5 89.07 1.06 -0.34 0.7 53.4 45.4 28.8 
650 15.51 97.6 4.14 -0.49 11.08 0.68 1.52 1.63 89.39 1.06 -0.34 0.6 50.7 41.7 312 
650 15.51 94.9 3.89 -0.54 11.74 0.65 1.52 1.8 89.73 1.06 -0.35 0.5 47.6 36.9 35 
650 15.51 91.9 3.64 -0.61 12.5 0.61 1.53 1.99 89.93 1.06 -0.35 0.5 44.9 32.3 39.7 
650 15.51 88.2 3.36 -0.7 13.49 0.57 1.53 2.24 89.95 1.06 -0.36 0.4 42.8 27.6 46.3 




