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EXECUTIVE SUMMARY 
 

Significant research at the Oak Ridge National Laboratory (ORNL) Power Electronics and 
Electric Machinery Research Center (PEEMRC) is being conducted to develop ways to increase 
(1) torque, (2) speed range, and (3) efficiency of traction electric motors for hybrid electric 
vehicles (HEV) within existing current and voltage bounds.  Current is limited by the inverter 
semiconductor devices' capability and voltage is limited by the stator wire insulation’s ability to 
withstand the maximum back-electromotive force (emf), which occurs at the upper end of the 
speed range. 
 
One research track has been to explore ways to control the path and magnitude of magnetic flux 
while the motor is operating.  The phrase, real time flux control (RTFC), refers to this mode of 
operation in which system parameters are changed while the motor is operating to improve its 
performance and speed range. RTFC has potential to meet an increased torque demand by 
introducing additional flux through the main air gap from an external source.  It can augment the 
speed range by diverting flux away from the main air gap to reduce back-emf at high speeds.  
Conventional RTFC technology is known as vector control [1].  Vector control decomposes the 
stator current into two components; one that produces torque and a second that opposes 
(weakens) the magnetic field generated by the rotor, thereby requiring more overall stator current 
and reducing the efficiency.  Efficiency can be improved by selecting a RTFC method that 
reduces the back-emf without increasing the average current.  This favors methods that use pulse 
currents or very low currents to achieve field weakening.    
 
Foremost in ORNL’s effort to develop flux control is the work of J. S. Hsu.  Early research [2,3] 
introduced direct control of air-gap flux in permanent magnet (PM) machines and demonstrated 
it with a flux-controlled generator.  The configuration eliminates the problem of demagnetization 
because it diverts all the flux from the magnets instead of trying to oppose it.  It is robust and 
could be particularly useful for PM generators and electric vehicle drives.  Recent efforts have 
introduced a brushless machine that transfers a magneto-motive force (MMF) generated by a 
stationary excitation coil to the rotor [4].  Although a conventional PM machine may be field 
weakened using vector control, the air-gap flux density cannot be effectively enhanced.  In Hsu’s 
new machine, the magnetic field generated by the rotor’s PM may be augmented by the field 
from the stationery excitation coil and channeled with flux guides to its desired destination to 
enhance the air-gap flux that produces torque.  The magnetic field can also be weakened by 
reversing the current in the stationary excitation winding.  A patent for advanced technology in 
this area is pending. 
 
Several additional RTFC methods have been discussed in open literature.  These include 
methods of changing the number of poles by magnetizing and demagnetizing the magnets’ poles 
with pulses of current corresponding to direct-axis (d-axis) current of vector control [5,6], 
changing the number of stator coils [7], and controlling the air gap [8].   Test experience has 
shown that the magnet strengths may vary and weaken naturally as rotor temperature increases 
suggesting that careful control of the rotor temperature, which is no easy task, could yield 
another method of RTFC. 
 



 vi

The purpose of this report is to (1) examine the interaction of rotor and stator flux with regard to 
RTFC, (2) review and summarize the status of RTFC technology, and (3) compare and evaluate 
methods for RTFC with respect to maturity, advantages and limitations, deployment difficulty 
and relative complexity. 
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BACKGROUND 

 
Electric motors convert electrical energy into mechanical energy using magnetic energy as an 
intermediary.  The electrical energy is first converted to magnetic energy and then transferred 
through the air gap and converted to mechanical energy in the rotor.  According to the energy 
conservation principle, the instantaneous power input, pin, must equal power losses, ploss, plus 
mechanical power output, pmech, plus change in energy stored internally, which in this case is 
magnetic power, pmag, leading to the equation   
 
 pmech = pin – ploss − pmag   . (1) 
 
In motors operating under steady state conditions, the stored energy, which is stored power 
averaged over time, does not change; thus the torque and mechanical power output depend only 
on the power input and the power losses in the conversion process  
 
 Pmech = Pin – Ploss   . (2) 
 
Consequently, design and performance enhancement efforts attempt to increase or maintain the 
power input, Pin, capability and minimize the power losses, Ploss, over the range of operating 
speeds.  
 
In rotary motors the mechanical power, Pmech, is the product of torque, T, and angular speed, ω, 
 
 Pmech = T ω   , (3) 
 
where   
 
 ω = dθm/dt and θm is the rotor’s angular position. 
 
The torque is produced by the interaction across the air gap of two magnetic fields; one 
generated in the rotor, φr, and the other in the stator, φs.  The magnitude of the torque is 
proportional to the product of the magnitudes of the two interacting magnetic fields, 
 
  T = αsr φs φr , (4) 
 
where  
 
 αsr is the magnetic coupling factor.  
 
This factor depends on the degree of non-alignment between the two magnetic fluxes. 
 
Since the stator’s magnetic flux, φs, is generally produced by an electrical current, Is, it is 
common to express the torque in terms of the current and the rotor’s flux, as follows 
 
 T = α∗

sr  Is φr  , (4a) 
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where the new coupling term, α∗

sr, now incorporates the proportionality between Is and φs. 
 

CONCEPTS OF DIRECT-FLUX CONTROL 
 
In PM machines, the rotor’s magnetic field is produced by its built-in PMs and by magnetic 
poles induced by the stator-generated magnetic field on the rotor’s iron-surface boundaries 
adjacent to the air gap.  The rotor flux, φr, is the flux that flows when there are no other sources 
of magnetic energy other than those in the rotor. 
 
The stator magnetic field is produced by electric currents circulating through electric conductors, 
which are usually made of copper and embedded in the stator.  It is the nature of electrical 
currents to generate magnetic fields around them.  The magnitude of a magnetic field produced 
depends on the strength of the MMF as well as on the distribution of reluctance, R, along the 
path followed by the magnetic field.  Magnetic fields follow closed paths. The MMF equals the 
total amount of current carried by N conductors.  When all N conductors carry the same current, 
i, MMF = Ni and it plays the same role that a voltage source plays in an electric circuit.  
Reluctance is a property used in magnetic circuits that accounts for the geometric length-to-area 
ratio, ℓ/A, and magnetic permeability, μ, of a medium in which the magnetic flux flows  
 
  R  = ℓ/(μ A )  . (5) 
 
Reluctance can be viewed as the resistance to the flow of magnetic flux.  The stator flux, φs, is 
the flux that would flow when there are no other sources of magnetic energy than current flowing 
in the wires of the stator. 
 
In reality the stator and rotor magnetic fluxes are not physically distinct but combine into an 
overall flux, φ, that follows a closed path from the magnet pole through the air gap, stator, air 
gap, opposite magnet pole, and back through the rotor to the original pole.  From Ampere’s 
circuital law, the total magnetic flux in a circuit driven by a total MMF of magnitude, Ft, is given 
by the ratio 
 
 φ =  Ft /Rt  , (6) 

 
where  
 

Rt is the overall reluctance of the magnetic circuit. 
 
Then, as shown below, the torque is proportional to the square of the total flux  
  
 T = Αsr φ2, (7) 
and 
 
  Αsr = αsr (1 − κsr) (1 −κrs)/ (1 − κ2)2, (7a) 
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is the new coupling coefficient where 
 
 κsr is the fraction of rotor flux that couples with the stator, 
 κrs is the fraction of stator flux that couples with the rotor, and 
 κ = (κsr κrs)1/2. 
 
This coefficient depends on the degree of mirror asymmetry between the paths of the magnetic 
flux entering and exiting the air gap. It is most useful to look at the magnetic-flux lines crossing 
the air gap as if they were stretched out rubber bands anchored at the stator and rotor connecting 
points. The flux would be the number of rubber bands. The farther stretched out the more energy 
the rubber bands store and the stronger their pull. Only the tangential component of the force on 
the rotor contributes to the torque and power output. The sum of all the tangential rubber band 
forces determines the direction and magnitude of the torque. 
 
Equation (7) is derived from Eq. (4) using the flux continuity relationships 
 
 φ = φs + κsr φr = φr + κrs φs   . (8) 
 
The coefficients in Eq. (7a) can be expressed in terms of the electrical parameters, which are self 
inductances, Lr and Ls, mutual inductance, M, and the number of turns in the stator, Ns, and rotor, 
Nr, as 
 
 a = Ns/ Nr,  
 κs = M /(a Lr), and (9) 
 κs = a M /Ls, 
 
where 
 
 Ls = Ns φs/Is is the stator’s self inductance, 
 Lr = Nr  φr/Ir is the rotor’s self inductance, and 
 M = Ns κsr φr/Ir = Nr κrs φs/Is is the stator-rotor mutual inductance. 
 
Considering that 
 
 Fs = Ns Is represents the stator’s MMF, and 
 Fr = Nr Ir represents the rotor’s MMF 
 
allows us to express the electric self inductance in terms of their corresponding magnetic 
parameters: 
 
 Ls = Ns φs/Is = Ns

2 φs/Fs = Ns
2/Rs,  (10) 

 Lr = Nr  φr/Ir = Nr
2 φr/Fr = Nr

2/Rr. 
 
PMs are sources of MMF.  They are characterized by their remanence, Br, and their magnetic 
permeability, μm.  Br is the magnetic-flux density the PM produces when its poles are shorted by 
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an external material of zero reluctance.  Then the reluctance of the magnetic circuit is equal to 
the PM’s internal reluctance; consequently, the MMF produced by a PM is proportional to its Br 
and its length as 
 
 Fm = φmr Rm = (Br Am) lm/( Am μm) = Br lm/(μr μο) (11) 
 
where  
 
 Fm is the magnet’s MMF, 
 φmr is the magnet’s flux remanence, 
 Rm is the magnet’s reluctance, 
 Br is the magnet’s flux density remanence, 
 Am is the magnet’s cross sectional area, 
 lm is the magnet’s length, 
 μm is the magnet’s permeability 
 μr is the magnet’s relative permeability, μm/μo and 
 μo is the permeability of vacuum = 4π 10-7 H/m. 
 
Design and performance optimization efforts focus on enhancing the contributions of one or 
more of the parameters in the groups: [φs, φr, κsr], [φ, Rt], [Lr, Ls, M, Fs, Fr], and [φ, Ft]; thus, 
understanding the dependencies between these parameters is essential. 
 
To put into perspective the relative magnitudes of the stator and rotor magnetic strengths, 
consider the number of ampere-turns needed to produce the same amount of MMF produced by a 
PM.  For a typical 5 mm Neodymium PM (characterized by Br = 1.12 T and μr = 1.1), the MMF 
is Fm = 4051 A, which is large. To match this MMF, the current and number of conductors 
needed would be 4000 A in a one turn, 400 A with 10 turns, or 40 A with 100 turns. In addition, 
the reluctance of the rotor flux is normally lower or equal to that for the stator flux depending on 
the rotational magnetic uniformity of the rotor. 
 
To obtain the maximum magnetic flux out of the available MMF, most designs reduce the total 
reluctance by making the stators with iron whose magnetic permeability is thousands of times 
higher than the permeability of air.  The iron has slots filled with copper conductors and teeth to 
carry the magnetic field to the air-gap surface. Thus, the magnetic flux follows a path comprising 
lengths of iron, air, copper, and PM materials in which most of the MMF losses occur in the non-
iron segments. The stator iron can thus be seen as a magnetic dipole effectively piping the MMF 
from the point of generation to the surface of the air gap with little losses. 
 
It should be noted that because of the high permeability (low reluctance) of the stator iron and 
the air-like permeability of copper, the magnetic flux in the stator flows mostly inside the iron.  
Little of the magnetic flux generated by the rotor ever crosses the copper conductors in the stator 
slots.  The main force is generated at the air gap by the interaction between the magnetic dipoles 
induced in the stator’s iron and the rotor, not at the conductors. 
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Were the permeability of the stator’s iron to be infinite then the magnetic-flux density in the 
conductors would be zero, but the force would remain.  It would even increase slightly because 
of the reduced contribution of the iron to the total reluctance.  In view of the Lorentz force law, 
force generation in the absence of magnetic flux crossing the main conductors seems paradoxical. 
But in the presence of ferromagnetic materials when applying Lorentz’s law, one needs to 
consider the equivalent currents induced in magnetic materials by the magnetic flux.  When 
magnetic materials are involved, it is more intuitive to use energy balances or inductance 
coupling and Faraday’s law of induction for changing magnetic fields.  The emf, e, induced in a 
conductor is proportional to the integral of the rate of change of magnetic potential along the 
conductor  
 
 ∫ •−=

L
dldt/dAe   , (12) 

 
where  
 

A is the magnetic potential, defined so that B = curl(A), and L is the length of the 
conductor. 

 
When the magnetic-flux density is zero, B = curl(A) = 0, which does not necessarily mean that 
the magnetic potential, A, or its divergence, or its time derivative are zero.  
 
Then, replacing -e by e because of sign convention, Eqs. (2) and (3) lead to the torque equation 
 

 ( ) ( )
ωω

∫ −•
=

−
= L lossloss

Pdldt/dAiPieT    . (13) 

 
For analyses using finite-element algorithms, it is most practical to solve for the vector potential, 
A.  Unfortunately the vector potential does not embrace a physical meaning and, thus, is not 
exploited for most engineering design and performance studies. Note, however, that the vector 
potential has the same direction as the current and, thus, in 2D computations it has only a non-
zero z-axis component, A = [0, 0, Az]. As a result, B = [Bx, By, 0] = curl(A) = [δAz/δy, -δAz/δx, 
0] everywhere. This allows for visualization of the magnetic-flux lines, B, simply by plotting the 
contour equipotential lines of A.  
  
It is more traditional to write the emf by using Stokes’ theorem in terms of flux linkages as 
 
 dt/ddSdt/BddSdt/))A(curl(ddldt/dAe

L S S
λ−=•−=•−=•−= ∫ ∫ ∫  (14) 

 
with λ = Nφ in case the line integral over length, L, involves more than one turn.  These 
equalities arise because the time derivative may be taken outside of the integrals. 
 
In the case of motors with PMs in the rotor, the main contributor to changes in the magnetic-flux 
linkage is the rotor.  This is obvious under no load conditions where the stator current is zero.  
Hence, the back-emf fluctuations in a stator conductor are closely linked to the passing of a PM 
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under the adjacent stator tooth.  The time rate of change of λ is thus directly proportional to the 
rotor’s speed.  As the speed of magnetic flux changes, both the electrical impedance of the stator 
conductors and the back-emf generated in them change proportionally (this is discussed later as 
Eq. (25)).  This can be seen with the voltage equation in its instantaneous form 
 
 v = i r + e = i r + dλ/dt  (15) 
 
where v represents the externally applied voltage, i represents the current, e represents the back-
emf, and i r represents joule heat losses. 
 
Since the value of e depends on the rate of change of the magnetic flux linked, the current and 
electrical power inputs are then 
 
 i = (v - dλ/dt)/r (16) 
 
and 
 
 pin = i v =  i2 r + i e = i2 r + i  dλ/dt  (17) 
 
The flux linked can normally be considered a state parameter in the sense that it only depends on 
the present state, not on how the state was created.  Then its dependence on a set of variables, 
{xi}, should be considered using the relation 
 
 dλ/dt = Σi (δλ/δxi) dxi/dt   . (18) 
 
The set of parameters, {xi}, normally includes the rotor’s angular position, θm, and stator current, 
i; but, any other parameter impacting the value of λ, such as magnet strength, temperature, or 
current in an additional current loop, should be added.  For example, assume the flux linked 
consists of two main contributions, a current driven contribution and a contribution of magnetic 
flux, φr, originated by the rotor  
 
 λ = Ls i + Ns φr (19) 
 
so that 
 
 dλ/dt = Ls di/dt + i dLs/dt + d(Ns φr)/dt .  (20) 
 
Also, assume that the PM motor is operating synchronously and the number of rotor poles is 
fixed so that the current varies with a periodic frequency, dθe/dt, which is proportional to the 
rotor’s speed, ωm.  The constant of proportionality is υ = θe/θm, which is the ratio of the electrical 
and mechanical angles and equals the number of pole pairs in the rotor.  An electrical cycle 
occurs as a rotor pole face passes two stator pole faces; consequently, one mechanical cycle of 
the rotor occurs for every υ electrical cycles so that dθe/dt = υωm.  Evaluating the three 
derivatives on the right of Eq. (20) leads to 
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 di/dt = (di/dθe) dθe/dt = υ ωm (di/dθe)  , (21) 
 
 dLs/dt = (dLs/dθe) dθe/dt = υ ωm (dLs/dθe)  , (22) 
 
 d(Ns φr)/dt = Ns dφr /dt + φr dNs/dt  , (23) 
 
and 
 
 dφr /dt = (dφr  /dθe) dθe/dt = υ ωm (dφr /dθe)  , (24) 
 
which when substituted into Eq. (20) becomes 
 
 dλ/dt = υ ωm [Ls di/dθe + i dLs/dθe + Ns (dφr /dθe)] + φr dNs/dt   .  (25) 
  
The first three terms on the right in Eq. (25) increase their contribution as the rotor speed 
increases. The first term accounts for the reaction of the stator’s inductive reactance to a change 
in current magnitude. It resists current insertion and has no part in mechanical power production.  
The second term is the back-emf associated with a change in inductance with electrical angle.  It 
is zero in all motors with a rotating stator field when operating at steady state and at all times in 
rotors with uniform rotational composition, such as surface mounted PM motors.  It is referred to 
as the reluctance component of power production. The third term accounts for the back-emf 
induced by the changes in the rotor’s magnetic flux seen by the stator conductors.  This third 
term is the main component of power production in most PM motors and it is often referred to as 
epm.  The fourth term accounts for the back-emf associated with changes in the effective number 
of turns in the stator. 
 
Because of the speed dependence shown in Eq. (25), the electrical-inductive reactance and 
induced back-emf tend to be too low at low speeds allowing current shown in Eq. (16) to be 
excessively high causing burnout.  Conversely, at high speeds Eq. (16) shows that the current 
decreases even to the point where the power input, Pin, is zero or where, at the speed range limit, 
the power output may not meet requirements. 
 

METHODS OF DIRECT-FLUX CONTROL 
 
Most approaches to extend the speed range of operation of PM motors focus on weakening the 
rotor’s magnetic flux, φr, in order to decrease its contribution to the magnitude of the back-emf 
and thus allow for power input and generation of stator magnetic field at higher speeds.  This 
weakening may be accomplished in several ways, which are discussed in the following 
paragraphs. 
 
Vector Control 
 
The traditional approach to field weakening is vector control in which the effective rotor 
magnetic flux, φr, is suppressed by controlling d-axis stator current to generate a magnetic field 
that directly opposes and thereby weakens each PM’s field.  When this approach is used, one 
must be careful not to demagnetize the PMs.  If, in addition, higher torque must be maintained at 
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high speed, extra quadrature-axis (q-axis) stator current must be supplied besides the current 
invested to suppress the rotor’s magnetic field which results in higher resistance losses and lower 
efficiency. 
 
Flux Weakening in Consequent Pole Generator 
 
As a second approach, research at ORNL [2,3] has produced a consequent pole generator with an 
external coil connected to the stator. A schematic is shown in Fig. 1.  A consequent pole device 
replaces alternate magnetic poles with ferromagnetic poles and doubles the thickness of the 
remaining magnets.  The alternate pole is induced in the ferromagnetic material as a consequence 
of the magnet.  Current in the external coil controls flux allowing the consequent pole to aid, to 
do nothing, or to oppose the magnet flux during generation of a back-emf.  In Fig. 1(b), flux in 
the external coil forces the magnet flux into the consequent pole to aid the magnet as it generates 
the largest back-emf.  In Fig. 1(c), the external-flux path accommodates the entire magnet flux 
thus removing the consequent pole as the magnet generates a back-emf of its traditional 
equivalent.  In Fig. 1(d), the external path provides flux to oppose the magnet thereby reducing 
the back-emf to a low value. The external coil requires a small amount of additional current but 
may be used with a conventional pulse width modulation (PWM) inverter and eliminates 
completely the danger of demagnetizing the magnets.  The only increase in complexity is a 
controller for the auxiliary stator coil current.  
  

 
 

Fig. 1.  Axial-gap consequent pole generator weakened and strengthened by external coil. 
 
High-Strength Undiffused Brushless PM Motor 
 
An innovative third approach at ORNL [4] employs an external-flux control coil that boosts the 
magnetic flux at low speeds and weakens the magnetic flux at high speeds.  For a conventional 
PM motor, the air-gap flux density cannot be enhanced effectively, but it can be weakened; 
consequently, this approach addresses the problem of reduced back-emf at low speeds as well as 
the problem of excessive back-emf at high speeds.  A schematic is shown in Fig. 2. 
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Fig. 2.  High-strength (magnetic) undiffused brushless axial-gap PM motor. 
 
The new machine is brushless because it transfers the MMF from the stationary excitation coil to 
the rotor through two secondary air gaps, identified as "air gap" in Fig. 1.  In the new machine, 
the PM in the rotor prevents magnetic-flux diffusion between the poles and guides the 
reluctance-flux path.  The pole-flux density in the air gap can be higher than what the PM alone 
can produce thus resulting in a machine with high magnetic strength.  The higher magnetic 
strength manifested itself in higher torque measurements. 
 
The axial flux produced by the direct current (dc) excitation stator coil passes across the 
secondary air gap into the center part of the rotor (green), into the pole face (green), across the 
main air gap into a stator tooth, through the stator yoke to the adjacent tooth, back through the 
main gap into the rotor pole face (red), radially outward through the secondary air gap, and back 
through the external coil housing to close the flux path. 

 
Magnetic Polarization Variation – Memory Motors 
 
A fourth approach is to change the magnetization of the PMs by means of MMF pulses [5,6] so 
that the strength of the rotor poles is changed at will while the motor is operating.  This type of 
motor is a variable-flux motor.  If the magnets are demagnetized completely, the result is to 
decrease the number of poles.  This second type of motor is a pole-changing motor.  Ostovic 
calls this motor a Memory Motor because of its ability to memorize the flux-density level in the 
rotor magnets. 
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Figure 3 is a schematic of the Memory Motor. The magnets are polarized circumferentially and 
placed in a consequent pole configuration.  The magnetization of the PMs can be varied by a 
short-current pulse and does not require a steady demagnetization current characteristic of vector 
control; consequently, its efficiency is higher.  The demagnetizing current flows through the 
stator windings requiring no special current source.  The Memory Motor combines advantages of 
a wound rotor with its variable flux and a PM motor with no excitation losses that suggests it 
may be a candidate for an HEV traction drive.   
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Fig. 3.  Variable flux PM motor – Memory Motor. 
 
Magnetic Strength Variation – Thermal Field Weakening 
 
A fifth approach could be to control the strength of the PMs by actively or passively regulating 
their temperature below the material’s maximum service temperature so that permanent 
demagnetization will not occur [7].  
 
The effect of thermal field weakening has been observed during PM motor testing as shown in 
Fig. 4.  The stator temperature rose from 100 to 137°C during the 15 minute test with the motor’s 
output power held at 30 kW.  The increasing stator temperature raised the rotor magnet 
temperature across the gap thereby reducing the magnetic remanence; consequently, less d-axis 
current was needed to weaken the magnets so the motor could run at this high speed.  The total 
current is the square root of the d-axis current squared plus q-axis current squared.  The 
reduction in total current observed during the test is a result of the lower d-axis current.  The 
anticipated result is higher efficiency. 
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Delphi Series Machine--Continuous Power at 9480 rpm
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Fig. 4.  Field weakening reflected by lower d-axis current component of total phase current  

as magnet temperature rises. 
 
Changing Number of Stator Turns per Coil 
 
Relationships between stator current and stator-magnetic flux, as well as between rotor flux and 
back-emf, are usually considered fixed by construction, but this an unnecessary constraint.  Since 
reducing the back-emf factor eliminates the current wasted to weaken the rotor magnet’s field as 
shown in Fig. 4, a sixth approach could be to decrease the back-emf by reducing the number of 
turns per coil involved in the energy conversion.    
 
Changing the number of turns per coil can be done by (1) physically changing the number of 
active turns, (2) changing the turn-to-flux link factor, or (3) changing the number of poles.  We 
have already seen how the Memory Motor can change the number of poles by demagnetizing the 
magnets.  Changing the number of turns may be accomplished by using winding taps with two 
rectifiers and two switches [8].   
 
For illustration, the speed dependence of the maximum power output for a typical interior PM 
(IPM) motor with a hypothetical capability to change the number of turns at will is shown in the 
figures below.  Figure 5(a) shows how the base speed, peak power, power, current, and speed 
ranges grow as the number of turns is reduced 9 to 5.  Figure 5(b) shows the limit power curves 
for a turn-switching scheme focused on maximum power generation.  
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(a) Performance curve dependency on number of turns. 
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(b) Extending CPSR by reducing the number of turns. 

 
Fig. 5. Using the number of turns per slot to control constant power speed ratio (CPSR). 
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A reduction in the effective number of turns per coil, Ns, decreases the electrical inductance, Ls = 
Ns

2 L1, and ohmic resistance, R = Ns R1, where L1 and R1 are the inductance and resistance, 
respectively, of a coil comprising one single turn.  As shown by Eq. (16), this approach will 
result in higher currents for the same voltage levels and in enhanced efficiencies.  The following 
discussion explains how the equation may be derived for the number of turns per coil that will 
deliver maximum power as a function of angular frequency. 
 
As shown in Fig. 5(a), the number of turns per coil that produces maximum power changes 
inversely with speed.  Analytical determination of the number of turns that delivers maximum 
power as a function of frequency begins with 
 
 )V,R,,L,L,,N,(PP qds φωα=   , (26) 
 
where  
 
 α is the advance angle (the angle between the voltage and the current), 
 Ns is the number of turns per coil, 
 ω is the rotational frequency, radians/s, 
 Ld is the d-axis inductance, H, 
 Ld1 is the d-axis inductance of a single turn, H, 
 Lq is the q-axis inductance, H, 
 Lq1 is the q-axis inductance of a single turn, H 
 φ is the flux, V-s, 
 R is the resistance, ohms, and 
 V is the supply voltage.  
 
The equation, 0/P =∂∂ α , is solved for the advance angle that delivers maximum power.  The 
result is 
 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=

ω
ω

α
d

q

L
LR

arctan    . (27) 

 
The advance angle is a function of Ns because R = NsR1, Lq = Ns

2Lq1, and Ld = Ns
2Ld1; 

consequently, α as a function of Ns is substituted into Eq. (26) and the equation, 
 
  0N/)V,R,,L,L,,N},N{(P sqdss =∂∂ φωα , (28) 
 
is solved for Ns.  As part of its modeling effort, ORNL is working to obtain the solution for the 
number of turns that will achieve maximum power.  The problem becomes much more difficult 
when R ≠ 0 and α = α (Ns). 
 
Air-Gap Variation 
 
A seventh approach to weaken the magnetic field is to mechanically increase the air gap.  This 
technique increases the reluctance, which weakens the field by reducing the magnet’s flux.  The 
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concept demands precise control and requires energy to move the rotor while it is spinning.  
Axial-gap motors with one stator are better suited for this type of control than radial-gap motors 
because it is easier to control the distance between two flat parallel planes than to control the 
distance between two low-angle cones.  For example, a 0.005 in gap increase of an axial-gap 
motor requires the rotor to be moved along the axis of rotation by 0.005 in., while a radial-gap 
motor with a 1o cone requires the rotor to be moved along the axis of rotation by 0.286 in.  For 
example, a 2o cone requires a 0.143-in. axial movement to achieve a gap increase of 0.005 in.  
Oh and Emadi have applied this method at the Illinois Institute of Technology to improve the 
efficiency and operating range of wheel motors [9].    

 
APPROACH FOR DETERMINING FLUX-WEAKENING REQUIREMENTS 

 
The first step in analyzing the impact of flux control techniques on the performance 
characteristics of a motor is by studying the electromagnetic circuit.  Electromagnetic circuits 
reduce the physics involved in the generation, flow, and conversion of magnetic energy by 
defining average quantities normally referred to as lumped parameters.  When the physics of the 
PMs and stator electromagnets are represented by their MMFs and their internal reluctances, the 
magnitude and distribution of the magnetic flux that will circulate on each available path can be 
calculated using network circuit theory. 
 
A typical magnetic circuit for a PM motor with the magnets of alternating polarity in the rotor is 
shown in Fig. 6.  As shown, the PMs are represented by their MMF and their internal reluctances. 
The total circuit reluctance and MMF are 
 
 Rt = Rr1 + Rm1  + Rg1  + Rs1  + Rsbi+ Rs2 + Rg2  + Rm2  + Rr2 

 Ft = Fm1 + Fm2 + Fs1 + Fs2 = φmr Rm1 + φmr Rm2 + Ι Νs . (29) 

 
Depending on its direction, the stator current’s MMF increases or decreases the magnetic flux in 
the loop.  Once the MMFs and reluctances are known, the flux can be calculated from Eq. (6) 
where R represents reluctance, F represents MMF of the magnet, φ represents magnetic flux, sub-
indices 1 and 2 refer to each half the loop, g stands for the air gap, s stands for the stator, r stands 
for the rotor, mr stands for magnet remanence, and sbi stands for the stator’s back iron. 
 

 
 

Fig. 6.  Magnetic circuit of PM motor. 
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The total flux is φ = Ft/Rt. 
The rotor flux contribution is φr = φ(Ι = 0) = (Ft - Ι Νs)/Rt = (φmr Rm1 + φmr Rm2)/Rt . 
The stator flux contribution is φs = φ(Βr = 0) = (Ft – (φmr Rm1 + φmr Rm2))/Rt = Ι Νs/Rt. 

 
Consequent pole machines have all magnets placed in the rotor with the same orientation. As a 
result, virtual poles develop in the spaces on the rotor between the magnets.  Figure 7 shows the 
magnetic circuit of a consequent pole machine created by taking every other magnet in a 
standard PM rotor, moving it from the air-gap region to stack with its N pole agains its neighbors 
S pole, and rreplacing it magnet.  As a result, we have a rotor with PMs of double the original 
thickness, all oriented in the same direction, and with iron in between them. 

 

Fs1 = Ι Νs/2 

Rr1+Rr2 

φ Rs2 Rg1 Rs1 

Fm1 = φmr Rm1 

Rm2+ Rm1 

Rg2 

 

Fs2 

Rsbi 

Fm2 = φmr Rm2 

+       −  

+
 
 
−

 
Fig. 7.  Magnetic circuit of a consequent pole PM motor with the same MMFs and  

reluctances of the motor in Fig. 6. 
 
For this consequent pole configuration, the resulting fluxes are the same. The difference is that 
now the virtual pole in air-gap number 2 is a soft iron pole and its flux flow can be changed more 
readily than with the PM material.  For instance, in Fig. 8 a circuit is shown with an additional 
branch representing an externally controlled MMF source, Fx = Ιx Νx, that can either decrease or 
increase the flux, φg2, across air-gap number 2.  The flux through air-gaps, gx1 and gx2, produces 
no torque.  
 
In the figure, there are shown three possible connection points for the bypassed flux return path 
labeled P1, P2, and P3.  It is most important to know which of the three or what fraction of the 
bypassed flux each of the three carries since the effect on the back-emf depends on it.  The 
solution of the circuit yields the flux at each of the air-gaps and at each of the rotor coils. The 
torque generated is proportional to the air-gap flux while the back-emf depends on the coils flux. 
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Fig. 8.  Magnetic circuit of the consequent pole PM motor in Fig. 7 with the addition 

of an externally controlled MMF. 
 
For the case in which the connection is fully at P1, the solution of the circuit produces the 
following fluxes 
 
 φ = (Fa (Rb + Rc) − Fx Rc)/C1  
 φg2 = (Fa Rb − Fx Ra)/C1 (30) 
 φx = (Fa Rc − Fx (Ra + Rc))/C1 
 
where 
 
 Fa = Fm1 + Fm2 + I Ns 
 Fx = Ix Nx 
 C1 = Ra Rb +  Ra Rc +  Rb Rc 
 Ra = Rr1 + Rm1 + Rm2 + Rg1 + Rs1 + Rsbi1+ Rsbi2 + Rs2   . 
 Rb = Rgx1 + Rgx2 + Rx   
 Rc = Rg2+ Rr2 
 
Phasor diagrams look at motors from the electrical point of view using a rotating coordinate 
system.  They are most useful since electrical parameters are more readily measurable than 
magnetic parameters.  Their reference axes are named d-axis and q-axis.  They correspond to 
those rotor positions that yield the maximum and minimum amounts of magnetic flux linked in 
the stator coils.  In PM motors, the d-axis corresponds to the center of a rotor’s PM, while the q-
axis corresponds to the midpoint in the space separating a PM from its closest PM of different 
polarity.  The fundamental d- and q-axis variables result from a power-invariant transformation 
of its multiphase stationary equivalents.  This allows for separate equivalent electromagnetic 
circuits for each of the two axes.  Figures 9 and 10 show electromagnetic and phasor diagrams 
representative of all PM motors driven by sinusoidal voltages. 
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Fig. 9.  Equivalent circuit schematics of the d and q electromagnetic circuits in a PM motor. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 10.  Standard electric and magnetic phasor diagrams of a PM motor with Id negative. 
 
In essence, they are the graphical representations of Eq. (15) in terms of time averaged quantities 
in rotating field coordinates. 
 
The power input per pole pair is then 
 
   Pin = I V cos(α) = Iq (Epm + Iq R + Id Ld ω) + Id (Id R - Iq Lq ω) (31) 
 
The power output is 
 
 Pout = Pin – Ploss= Iq Vq + Id Vd 
 (32) 

Pout = Iq (Epm + Ld Id ω) + Id (- Lq Iq ω) = Iq (Epm + Id (Ld – Lq) ω)   
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Id R 
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Defining the saliency ratio as 
 
 ξ = Lq/Ld, 
 
then     

 
Pout = Iq (Epm + Id Ld (1- ξ) ω). (33) 
 

In terms of the phase current, Id = -I sin(β) and Iq = I cos(β) 
 
Pout = I cos(β) Epm + 0.5 I2 sin(2 β) Ld (ξ – 1) ω   . (34) 

 
In IPMs, Lq > Ld; thus if Id is negative, as shown in Fig. 10, in addition to flux weakening, the 
new term introduced by the presence of Id has a positive power contribution. 

 
The most common operational constraints for a motor are voltage and current limits.  The supply 
voltage limit, Vmax, depends on the dc-link voltage and the inverter.  The current limit, Imax, 
depends on the stator losses, cooling capabilities, and on the current limit of the inverter 
 
 I =   (Id

2 + Iq
2 )1/2 ≤ Imax , (35) 

 
 V =  (Vd

2 + Vq
2 )1/2 =  ((Epm + Iq R + Id Ld ω)2 + (Id R +Iq Lq ω)2 )1/2 ≤ Vmax  . (36) 

 
For operation at the voltage limit, considering that Epm = ω λpm and neglecting the stator 
resistance, we obtain the relationship between Id and Iq as a function of speed 
 
 (λpm + Id Ld)2 + (Iq Lq)2 = (Vmax/ω) 2   . (37) 
 
From Eq. (35), the amount of d-axis current as a function of quadrature current is 
 
 I d = - λpm/ Ld + 1/ Ld [(Vmax/ω) 2 - (Iq Lq)2 ] 1/2 
 
and the phase current angle and magnitude are  
 
 β = arctan[Id/Iq] = arctan[λpm/(Iq Ld) + 1/Ld [(Vmax/(Iq ω)) 2 - Lq

2 ] 1/2] (38) 
 
and  
 
 I = Iq/cos(β)  . (39) 
 
When λrd = Lq, Id opposes λpm directly; when Id is negative the degree of flux weakening 
achieved, or weakening factor, could be defined as the ratio 
 
 ξw = - Ld Id/λpm = - Id/Ich   , (40) 
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where Ich = Ld/λpm  is the so-called characteristic current of the motor. For instance, for a case in 
which Lq =  2.5 mH and λpm = 0.15 V s, Ich = 60 A and thus the weakening factor is 
 
  ξw = - Id/60  .  
 
Then a current with a direct component Id = -30 A will weaken the magnet 50% and an 
Id = -60 A will demagnetize it. 
 
Since locomotion applications tend to prefer motors with wide speed ranges to eliminate the need 
for or reduce the complexity of gear boxes, it is important to find ways to increase the speed 
range of PM motors.  One obvious possibility is to use a multilevel voltage source where 
available voltage would increase with rotor speed.  Drive costs being already the major 
component of a PM drive system may limit this approach to two stages with the higher stage 
enabled at the higher speeds. Presently, improvements in stator and rotor topologies together 
with control approaches have better overall performance and opportunity to lower cost. 
 

DISCUSSION 
 
Control of the flux crossing the air gap is the ultimate goal of all RTFC approaches.  There are 
three ways to accomplish RTFC: (1) changing the magnetic energy flow paths, (2) selectively 
changing the magnetic material properties, and (3) changing the degree of coupling between the 
stator and the rotor.  To date, most of the efforts have focused on the first approach. We feel that 
the alternatives should be examined for applicability to FreedomCAR HEVs.  
 
Vector control at the stator terminal is the conventional approach for RTFC.  By making some of 
the stator flux oppose the rotor magnet flux, flux weakening occurs which is a clear choice for 
extending the speed range of operation.  An excellent discussion of vector-control and flux 
weakening can be found in Ref. [10].  Some rotor designs, such as IPMs and consequent pole 
motors, facilitate flow path manipulation. 
 
Redirecting the rotor’s magnetic flux to reduce the back-emf also reduces the torque produced 
since the diverted flux flows through non-torque producing paths.  Power losses resulting from 
diverted fluxes should be carefully studied to ensure that they are not excessive for the back-emf 
reduction.  John Hsu’s concept of a bidirectional path capable of injecting to as well as draining 
magnetic flux from the torque producing areas is quite promising. 
 
Changes in the magnetic strength of the PM material can be achieved by controlling its 
temperature or by using magnetizing and demagnetizing current pulses as needed, as in pole-
changing PM machines. 
 
Changes in the degree of coupling between the stator and the rotor involve control of the number 
of active turns in the stator and/or their effectiveness in linking rotor originated flux.  This could 
be done by electronically disconnecting some of the stator turns by means of built-in solid-state 
gates or by draining some of the tooth-flux laterally. 
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Table 1 summarizes and compares different methods of RTFC as they are applied to a 
synchronous PM motor with torque and speed control.  The column entitled “Relative 
complexity” indicates the simplifications that may be achieved in control of the basic motor.  
Significant research has been completed on the first three and the last method.  Others are mostly 
conceptual. 
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Table 1. Comparison of RTFC for synchronous PM motor with torque and speed control 
 

Method Real time 
variable Ref. Technique for 

varying flux Maturity Advantages and limitations Deployment 
difficulty 

Relative 
complexity 

Conventional 
Vector 
Control 

Decomposed 
stator currents, 
id for 
weakening and 
iq for torque 
production. 

1 Decomposes stator 
current into a 
component that 
opposes rotor 
magnet and a 
component that 
produces torque. 

Commercially 
mature. 

Employs inverter control of stator 
current without additional hardware. 

Requires more current which lowers 
efficiency. 

Requires 
complex real 
time digital 
signal processor 
(DSP) 
calculations. 

High-speed 
DSP 
calculations. 

Expensive 
absolute 
encoder. 

Flux Flipping Current in 
stationary coil. 

2 Double magnet 
thickness and 
replace alternate 
magnets with 
congruent 
ferromagnetic slugs. 

Demonstrated 
10:1 
weakening 
ratio with 
small 
generator in 
laboratory. 

Patent issued. 

Manual control of a rheostat allows 
simple control of the generator 
output voltage.  Can be used with a 
conventional PWM inverter. 

Joule heat loss in the stationary coil 
is expected to be about 3%, the same 
as for a dc machine.  

Current losses are steady. 

Simple manual 
rheostat control 
of stationary coil 
current in lab 
must be replaced 
with a current 
controller in the 
system.  

Incremental 
encoder. 

Stationary 
control coil. 

Requires 
simple 
algorithm to 
control 
current in 
stationary 
coil. 

High Strength 
Undiffused 
Brushless 

Current in 
stationary coil. 

4 Strengthens or 
weakens flux in gap 
with flux from 
stationary coil. 

Iron path carries 
flux to gap and is 
focused to prevent 
leakage with PMs. 

Completed 
early lab demo 
showing 
potential. 

Patent pending 
for advanced 
technology in 
this area. 

May strengthen as well as weaken 
magnetic field.  Can be used with a 
conventional PWM inverter. 

Joule heat loss in the stationary coil 
is expected to be about 3%, the same 
as for a dc machine. 

Current losses are steady. 

A circuit to 
control the 
current in the 
stationary coil 
must be added to 
the inverter drive 
system. 

Incremental 
encoder. 

Stationary 
control coil. 

Requires 
simple 
algorithm to 
control 
current in 
stationary 
coil. 
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Table 1. Comparison of RTFC for synchronous PM motor with torque and speed control (cont’d) 
 

Method Real time 
variable 

Ref. Technique for varying 
flux 

Maturity Advantages and limitations Deployment 
difficulty 

Relative 
complexity 

Pole 
Strength 
Change 

Magnetic 
field 
intensity. 

None Change temperature of 
magnet for delta flux 
control over 
recoverable B range. 

A natural 
weakening has 
been observed 
during testing of 
PM motors as 
rotor magnet 
temperature rises. 

Can achieve small field weakening 
because heat is always available.  
Weakens back-emf directly so 
efficiency is not reduced.  Can be used 
with a conventional PWM inverter. 

A temperature control system will be 
needed to cool the magnets when the 
motor demand increases. 

Temperature 
must not exceed 
range of B field 
recoverability. 

Refrigeration 
needed to restore 
lower 
temperature. 

Pole 
Number 
Change 
(memory 
motors) 

Kill and 
revive 
certain 
poles to 
change 
pole 
number. 

5 Uses vector control 
d-axis current to 
demagnetize and re-
magnetize magnet 
poles. 

Is in early 
research stage.  
Patent has been 
applied for. 

Can be de- and re-magnetized with 
short pulses of stator current combining 
high efficiency of PM motor with air-
gap flux controllability of a wound 
synchronous motor. 

Load component of stator current 
cannot influence the magnet state. 

Challenging deployment. 

Requires precise 
control of d-axis 
current as well as 
magnet material 
that is repeatedly 
remagnetizable. 

High-speed DSP 
calculations. 

Expensive 
absolute encoder. 

Coil 
Number 
Change 

Number of 
active turns 
per stator 
coil. 

7 Winding taps, two 
rectifiers, and two 
switches are used to 
change the number of 
active turns. 

Applicable 
circuitry has been 
suggested in a 
paper.  Is in early 
research stage.  

Weakens back-emf directly so 
efficiency is not reduced.  Can be used 
with a conventional PWM inverter. 

Requires additional winding taps, 
switches, and rectifiers. 

Circuit 
connections to 
stator coils will 
be challenging 
and provide 
potential failure 
sites. 

Additional taps 
to stator coil, 
switches, and 
rectifiers. 

Gap 
Change 

Gap width. 8 Increase or decrease 
reluctance by opening 
or closing gap during 
operation. 

Limited work on 
an axial-gap 
motor at ANL 
was successful. 

Application to 
radial-gap will be 
difficult. 

Weakens back-emf directly so 
efficiency is not reduced.  Can be used 
with a conventional PWM inverter. 

Difficult to maintain dimensional 
control.  Quantity of energy needed to 
initiate the gap change was close to the 
energy saved. 

Requires a servo 
controlled 
mechanical 
system to 
regulate the gap. 

Adds an 
additional servo 
system to the 
baseline system. 
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CONCLUSIONS 
 
1. A number of methods of RTFC to increase the speed range while maintaining the efficiency 

of a synchronous PM motor have been presented in the open literature.  Seven are discussed 
in this report. 
 

2. Conventional vector control maintains a torque producing quadrature current, iq, and a 
magnet field-weakening d-axis current, id.  The component of the dc d-axis current must be 
maintained during operation at high speed and results in increased stator current resistance 
losses with the accompanying loss in efficiency. Vector control is well established and allows 
speed range extension by flux weakening. It does require an expensive absolute encoder and 
fast control algorithms. 
 

3. In general, efficiency considerations make those methods of flux control that require 
temporary intervention or pulses preferable to those requiring continuous action during 
operation. 
 

4. The most attractive method of RTFC is the pole number change.  This has the potential to 
enhance vector control because it would perform the same current decomposition to form a 
d-axis current pulse that would demagnetize magnet(s) as operation at high speed begins and 
re-magnetize magnet(s) as high speed operation ceases. 
 

5. We have shown that as the speed of a PM motor increases, the number of turns per coil must 
be reduced to achieve peak power delivery.  Reducing the number of turns per coil is also a 
method of reducing the back-emf to accomplish RTFC.  Additional power as well as higher 
speed operation is a good combination of benefits.  

 
6. Another attractive method of RTFC is the coil number change which would have to be used 

in conjunction with the pole number change because the ratio of coils to poles must remain 
constant.  A number of papers have discussed changing the coil number for an induction 
motor, which automatically induces fewer poles when the number of coils is reduced.  For a 
PM motor, the number of magnet poles may only be reduced by demagnetization. 
 

7. Mechanical RTFC, such as variable-gap control, can work for an axial-gap PM motor, but is 
much more difficult for a radial-gap motor because of the requirement that the gap be 
precisely controlled by axial motion of a conical rotor.  The usual problem remains of energy 
expended as the gap is opened and closed to accomplish field weakening.  
 

8. To date, most of the efforts have focused on changing magnetic-flux-flow paths. We feel that 
the alternatives, which change the magnet properties or number of turns, should be examined 
for applicability to FreedomCAR HEVs. 
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