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ABSTRACT In this paper, the drawbacks of the conventional f-t frame based maximum torque per

ampere (MTPA) control schemes are analyzed and mathematically proved. In order to inherit the merits

of both the direct flux vector control (DFVC) in field weakening region and field orientated control (FOC)

in constant torque region while avoiding their disadvantages, an integrated control scheme is proposed. The

proposed control scheme integrates the FOC into f-t reference frame at low speeds to achieve a relatively

accurate and robust MTPA control, while at high speeds, the DFVC is adopted to utilize the advantages of f-t

frame based control scheme in field weakening region. A shape function is utilized by the proposed control

scheme to achieve a smooth transition between the two control schemes. The proposed control scheme is

verified by experiments under various operation conditions on a prototype IPMSM drive. The simulation

and experimental results illustrate that the proposed control scheme could achieve a better MTPA control

accuracy in constant torque region and a better field weakening performance in the constant power region.

Meanwhile the complex look-up tables for FOC in field weakening region and the difficulties in observing

flux vector at low speed are avoided.

INDEX TERMS Maximum torque per ampere (MTPA) control, direct flux vector control (DFVC), field

orientated control (FOC), interior permanent magnet synchronous machine (IPMSM), torque control.

I. INTRODUCTION

Interior permanent magnet synchronous machines (IPMSM)

have many attractive advantages such as high efficiency, high

power/torque density [1]–[3], high reliability and good field-

weakening performance [1], [4], therefore, it has been used

in plenty of industrial applications, such as robot motion

control, electric vehicles and other industrial fields [5], [6].

In order to control IPMSM drives, in literature, both field

orientated control (FOC) in the rotor reference (d-q) frame

[7]–[9] and direct flux vector control (DFVC) in the

flux-torque (f-t) reference frame [10]–[13] have been

proposed to achieve MTPA control in constant torque

region [14], [15] and field weakening operation in constant

The associate editor coordinating the review of this manuscript and

approving it for publication was Zhong Wu .

power region [16], [17]. In the FOC, the d- and q-axis currents

are regulated by the d- and q-axis PI controllers [18], [19].

Since the d- and q-axis currents can be obtained from mea-

sured phase currents and rotor position, the FOC can track

the optimal d- and q-axis current commands accurately in

constant torque region. Therefore, the accurate MTPA opera-

tion can be easily achieved [2]. In the field weakening region,

however, due to the voltage limit, the stator flux amplitude

should be limited, and this limit is indirectly imposed by set-

ting d-axis current demand as functions of torque and speed

based on a machine model. Since the machine parameters of

an IPMSM are highly nonlinear and vary with cross-coupling

effects, magnetic saturation and temperature [20], [21], it is

difficult to achieve optimal field weakening control that sat-

isfies the voltage constraint while maximizing efficiency.

Moreover, dc-link voltage variations, which could be quite
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significant in electric vehicle traction drives supplied from

batteries, also cause great difficulties in controlling IPMSM

in field weakening region. Consequently, the performance of

the FOC is compromised in field weakening operation.

On the other hand, the f-t frame based DFVC schemes

directly regulates the stator flux amplitude by the f-axis volt-

age and controls the torque by the t-axis voltage through PI

controllers [13], [22], [23]. At high speeds, the flux amplitude

can be estimated by a voltage model based flux observer

with relatively high accuracy [24]. Moreover, in the field

weakening region, the maximum reference flux amplitude

under voltage constraint can be calculated without machine

parameters except for stator resistance [25]. Since the voltage

drop across the phase resistance is very small compared with

the maximum voltage, the stator resistance can be assumed to

its nominal value without compromising the observer accu-

racy. Therefore, the f-t frame based control schemes are not

only robust to dc-link voltage variations in field weakening

region but also can directly impose the stator flux amplitude

limit, thus they have a better performance than the FOC in

field weakening region [12]. However, the performance of

f-t frame based control schemes is highly dependent on the

quality of a flux observer. At low speeds, especially when the

speed is close to zero, due to the inverter parameter uncer-

tainty, error of winding resistance estimation and relatively

small voltage amplitude, the voltage model based observer is

no longer accurate and a currentmodel based observer is often

employed [26]. Since current model based observers rely on

the machine model for stator flux estimation, the nonlinearity

of the machine parameters and inaccuracy of the machine

model greatly affects the quality of current model based flux

observers. Moreover, due to the difficulties of measuring the

flux amplitude, the optimal flux amplitude for MTPA oper-

ation cannot be obtained accurately. Therefore, in constant

torque region when speed is relatively low, the f-t frame based

MTPA control schemes are more vulnerable to command and

flux observer errors compared with the FOC scheme, and the

FOC scheme is more desirable than the control schemes in

the f-t frame when the motor operates at low speed.

In order to utilize the advantages of the FOC at low speeds

and the advantages of f-t frame based control schemes at high

speeds, while avoid their drawbacks, an integrated control

scheme which combines the two kinds control schemes is

proposed in this paper. At low speeds, the FOC is adopted,

whereas at high speeds, the direct flux vector control (DFVC)

scheme [13], [22], [23], [27] is employed as a kind of f-t

frame based control scheme. In this way, the proposed control

scheme could achieve a better efficiency optimization control

accuracy in constant torque region and a better field weak-

ening performance in constant power region. Meanwhile the

complex look-up tables for FOC in field weakening region

and the difficulties in observing flux vector at low speed can

be avoided.

The rest of this paper is organized as follows: Section II

mathematically proves the sensitivity of the existing f-t frame

based control schemes to the errors in flux amplitude for

MTPA control and the unique mapping between (9s, it ) and

(id iq). Section III details the method to implement the pro-

posed integrated control scheme. Section IV and V provide

the simulation and experimental verifications of the proposed

control scheme in a variety of operation conditions, respec-

tively. The conclusions are drawn in Section VI.

II. PRINCIPLE OF THE PROPOSED INTEGRATED CONTROL

SCHEME

A. SENSITIVITY OF F-T FRAME BASED CONTROL

SCHEMES TO ERRORS IN REFERENCE FLUX AMPLITUDE

FOR MTPA CONTROL

The relationships between d- and q-axis currents, id , iq, and

d- and q-axis flux amplitudes,9d ,9q, are given in (1) and (2),

where Ld , Lq and 9m are the d- and q-axis inductances and

the flux linkage due to permanent magnets, respectively.

9d = Ld id + 9m (1)

9q = Lqiq (2)

According to (1) and (2), the flux amplitude, 9s, for MTPA

operation can be expressed in (3).

9s =

√

(9d )
2 +

(

9q

)2

=

√

(9m + Ld id )
2 +

(

Lqiq
)2

(3)

If the d-axis current in (3) contains a small error,1id , the cor-

responding flux amplitude error, 19s, can be expressed

in (4).

9s + 19s =

√

[9m + Ld (id + 1id )]
2 +

(

Lqiq
)2

(4)

(3) minus (4) leads to (5):

2 (9s + 0.519s) 19s

= 2 [9m + Ld (id + 0.51id )]Ld1id (5)

Since 1id is small compared with id and 19s is small

compared with 9s, (5) can be approximated by (6).

9s19s ≈ [9m + Ld id ]Ld1id = 9dLd1id (6)

(6) is equivalent to (7).

19s

9s
≈

9d

9s

(Ld id )

9s

1id

id
(7)

Since 9s > 9d and 9s≫(Ld id ), 1id/id will be much larger

than19s/9s, whichmeans a relatively small error in the flux

amplitude would lead to a relatively large error in the d-axis

current and vice versa. This will be experimentally proved in

Section V (Fig. 14 and Fig. 15).

Therefore, the MTPA operation is robust to errors in the d-

axis current but very sensitive to errors in the flux amplitude.

Since the reference and the observed flux always contain

errors, the accurate MTPA operations are always more dif-

ficult to be guaranteed in the f-t frame. Therefore, for MTPA

operation, the FOC is preferred.
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B. MATHEMATICAL MODEL OF IPMSM

In field oriented control scheme, the MTPA control can be

realized by setting the reference d- and q-axis currents to

the optimal values and the d- and q-axis currents can be

accurately controlled to follow the optimal reference currents

through two current feedback loops. The mathematical model

of the field oriented control method is expressed in (8) to (10).

Where vd and vq are the d- and q-axis voltages, R is the

stator resistance, p is the number of pole pairs, Te is the

electromagnetic torque and ωm is rotor angular speed.

vq = Lq
diq

dt
+ Riq + pωmLd id + pωm9m (8)

vd = Ld
did

dt
+ Rid − pωmLqiq (9)

Te =
3p

2
[9miq +

(

Ld − Lq
)

iqid ] (10)

Alternatively, the mathematical model of an IPMSM can

also be expressed in (11) to (15) together with the current and

flux amplitude limits in the f-t reference frame. Where vf and

vt are the f- and t-axis voltages, if and it are the f- and t-axis

currents, respectively. 9s is the stator flux vector amplitude,

and the torque angle, δ, is the angle of the stator flux vector

with respect to the d-axis. Ilim is the current limit.

vf = Rif +
d9s

dt
(11)

vt = Rit + 9s

(

pωm +
dδ

dt

)

(12)

Te =
3

2
p9sit (13)

√

I2lim − i2f ≥ it (14)

1

pωm

[
√

v2lim −
(

Rif
)2

− Rit

]

≥ 9s (15)

The relationships between the d-q frame quantities and the

f-t frame quantities are given in (16) to (18).

δ = actan(
9q

9d
) (16)

it = iq cos δ − id sin δ (17)

if = id cos δ + iq sin δ (18)

C. THE UNIQUE MAPPING BETWEEN (9s, it ) AND (id , iq)

Before the combination of the two control schemes formu-

lated in the d-q and f-t reference frames, a discussion of the

relationship between the d-q frame based control and the f-t

frame based control is necessary. In steady state if the voltage

drop on the phase resistance is neglected, the d- and q-axis

voltages, vd , vq, can be simplified as (19) and (20).

vq = pωmLd id + pωm9m (19)

vd = −pωmLqiq (20)

Based on (19) and (20), the relationship between voltage

amplitude, va, and d- and q-axis currents can be approximated

by (21) and the relationship between va and flux amplitude,

9s, can be approximated by (22).

v2a =
(

pωmLqiq
)2

+ (pωmLd id + pωm9m)
2 (21)

va = pωm9s (22)

By substitution of (22) into (21):

(

id +
9m
Ld

)2

(

9s
Ld

)2
+

i2q
(

9s
Lq

)2
= 1 (23)

(21) is an ellipse. This ellipse is the constant flux amplitude

locus.

Substitution of (10) and (13) into (23) leads to (24) which

is a quartic equation about id . Therefore, for a given9s and it ,

id can be obtained by solving (24) and the iq can be obtained

through (10) based on the roots of (24).

(

id +
9m
Ld

)2

(

9s
Ld

)2
+

(

9sit
[9m+(Ld−Lq)id ]

)2

(

9s
Lq

)2
= 1 (24)

For easier expression, the diagram of constant flux amplitude

loci and constant torque loci (given in (10)) in d-q frame

are shown in Fig. 1. It worth to be noticed that according

to (10), a constant torque locus actually contains two parts,

one is across the first and second quadrants of Fig. 1, the other

is in the fourth quadrant. However, since motors are always

operated in the second quadrant, the constant torque locus in

the fourth quadrant is always ignored.

FIGURE 1. Constant flux amplitude locus, current limit circle, MTPV locus
and constant torque locus with the possible roots of (24).

The center of the constant flux amplitude loci is at the point

(−9m

/

Ld , 0). The tangential point between a constant torque

locus and a constant flux amplitude locus, e.g., point A, is the

maximum torque per voltage (MTPV) point [13]. The MTPV

locus, A-C-E, is also shown in Fig. 1.

As shown in Fig. 1, the quartic equation given in (24) at

most has four roots which are the intersections between the

constant torque locus and the constant flux amplitude locus,

e.g., the points B, D, G, and H in Fig. 1. However, the point

on the left hand side of the MTPV locus, i.e., point D, and

the points in the fourth quadrant, i.e., points G and H , should

be avoided by limiting the δ as mentioned in [13]. Since the

VOLUME 8, 2020 97937
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FIGURE 2. Block diagram of the proposed control scheme.

motor should be controlled either on the right hand side of the

MTPV locus or right on theMTPV locus in the first quadrant,

the relationship between 9s, it and id , iq under the direct flux

vector control is unique.

In direct flux vector control, as mentioned in [13], [22],

[23], the motor’s flux amplitude and t-axis current are con-

trolled through the f- and t-axis voltages. The observed flux

amplitude, 9̂s, and t-axis current,
ˆ̇it , can be expressed in (25)

and (26) with measured id and iq, respectively.

9̂2
s = (Ld id + 9m)2 +

(

Lqiq
)2

(25)

ˆ̇it =

3p
2
[9miq +

(

Ld − Lq
)

iqid ]

9̂s

(26)

In steady state, the observed flux amplitude and t-axis cur-

rent should equal the reference flux amplitude 9∗
s and the

reference t-axis current i∗t , respectively, as expressed in (27)

and (28).

9̂2
s = 9∗2

s =
(

Ld i
∗
d + 9m

)2
+

(

Lqi
∗
q

)2
(27)

ˆ̇it = i∗t =

3p
2
[9mi

∗
q +

(

Ld − Lq
)

i∗qi
∗
d ]

9∗
s

(28)

Due to the unique relationship between 9s, it and id , iq under

direct flux vector control, for one pair of 9∗
s and i∗t , in steady

state, there is only one pair of achievable d- and q-axicurrents.

Therefore, according to (25) to (28), id = i∗d and iq = i∗q.

In other words, the d- and q-axis currents can be controlled to

follow i∗d and i∗q through 9∗
s and i∗t . It should be noticed that

if the machine parameters in (25) to (28) are their nominal

values, the resultant 9∗
s , 9̂s and i∗t ,

ˆ̇it will also be their

nominal values. However, the unique relationship between a

pair of flux amplitude and t-axis current and the pair of d- and

q-axis currents in Fig. 1 still exists, and errors in observed

or reference flux amplitude and t-axis current will not affect

the accuracy of the d- and q-axis current control under the

condition that the machine parameters in (25) to (28) are

the same. This will be proved by simulations in Section IV

(Fig. 6).

III. IMPLEMENTATION OF THE PROPOSED CONTROL

SCHEME

Since the FOC is more robust than f-t frame based control

schemes for MTPA operation meanwhile the f-t frame based

control schemes have advantages over the FOC in field

weakening region, in order to take the advantages of FOC

for MTPA operation and the advantages of f-t frame based

control schemes for filedweakening operationwhile avoiding

their weaknesses, an integrated control scheme is proposed

in which FOC is employed at low speed (MTPA control) and

the direct flux vector control [13], [22], [23], a kind of f-t

frame based control scheme, is adopted at high speed (field

weakening control). The schematic of the proposed control

scheme is shown in Fig. 2. Seamless transitions between

the two control strategies are realized by adopting a unified

control structure in the form of the DFVC.

As shown in Fig. 2, the proposed control scheme consists

of two main control loops, the stator flux control loop and

the t-axis current control loop. Limits on the 9∗
s and i∗t are

imposed in the same manner as described in [13], [22], [23].

However,9∗
s and i

∗
t can either be generated from reference d-

and q-axis currents via theMTPA Look-up table 1 for FOC or

from MTPA Look-up table 2 and (13) for DFVC, depending

on rotor speeds. The details of the proposed control scheme

will be discussed below.

A. FOC FOR MTPA OPERATION

As shown in Fig. 2, for a given torque command, T ∗
e ,

the MTPA Look-up table generates the corresponding opti-

mal reference d- and q-axis current commands, i∗d and i∗q,

for MTPA operation. The resultant optimal i∗d and i∗q will be

further converted into 9∗
sFOC and i∗tFOC through (1) to (3)

and (17) based on the nominal machine parameters, Ld ,

Lq, 9m of the machine. If the motor speed ωm is below a

pre-defined value ω1, the reference flux amplitude and t-axis

97938 VOLUME 8, 2020
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current (9∗
s , i

∗
t ) will equal (9

∗
sFOC , i

∗
tFOC ) and the observed

flux amplitude and t-axis current (9̂s,
ˆ̇it ) will equal (9̂sFOC ,

ˆ̇itFOC ) which is calculated by (1) to (3) and (17) based on

the measured d- and q-axis current (id ,iq) with the same

machine parameters of the calculation of (9∗
sFOC , i

∗
tFOC ).

In this way, the 9s and it controllers in Fig. 2 will control

the (9̂sFOC ,
ˆ̇itFOC ) to follow the (9∗

sFOC , i
∗
tFOC ). Due to the

uniquemapping between (9∗
sFOC , i

∗
tFOC ) and (i

∗
d , i

∗
q) as well as

the unique relationship between (9̂sFOC ,
ˆ̇itFOC ) and (id , iq),

when (9̂sFOC ,
ˆ̇itFOC ) equals (9

∗
sFOC , i

∗
tFOC ) in steady state,

the measured d- and q-axis currents (id , iq) will be equal to

the reference d- and q-axis currents, (i∗d , i
∗
q). Therefore, the d-

and q-axis currents can be controlled through the f-t frame.

This control scheme essentially controls the d- and q-axis

currents and equivalent to the FOC. In this way, the sensitivity

of the MTPA control to the reference flux amplitude and

flux observer errors in f-t frame can be avoided and the

optimal d- and q-axis currents can be easily and accurately

obtained through experiments or other online MTPA control

schemes [28]. Moreover, as mentioned in Section II Part

C, small errors of the nominal machine parameters in (3)

and (17) will not affect the controlling of the d- and q-axis

currents.

However, in field weakening region, the stator flux ampli-

tude is difficult to be limited accurately due to the flux esti-

mation errors of (3) and (17) and the reference d- and q-axis

currents generated from Look-up table 1 are difficult to cope

with the dc-link voltage variations. This will deteriorate field

weakening performance. Therefore, at high speed, especially

for field weakening control, DFVC is preferable.

B. DFVC FOR FIELD WEAKENING CONTROL

In order to overcome the problems associate the FOC,

the DFVC is adopted at relatively high speeds, however, other

kinds of f-t frame based control schemes are also possible.

When the motor operates at high speeds, the voltage drops

on the stator resistance and inverter are relatively small com-

pared with the voltage amplitude, the stator resistance and

the inverter parameters can be assumed as its nominal value

and the accuracy of the voltage model flux observer can be

guaranteed. In this case, as shown in Fig. 2, when ωm is

above a pre-defined valueω2 which is close to the base speed,

the proposed control scheme switches to the conventional

DFVC proposed in [13], [22], [23],. The optimal reference

flux amplitude, 9∗
sDFVC , and the reference t-axis current,

i∗tDFVC , for MTPA control are generated from the Look-

up table 2 and (13) with the reference torque as its input.

(9∗
s , i

∗
t ) is equal to (9∗

sDFVC , i
∗
tDFVC ) while (9̂m, ˆ̇it ) is equal

to (9̂sDFVC , ˆ̇itDFVC ). The 9̂sDFVC and ˆ̇itDFVC are the observed

flux amplitude and t-axis current by voltage model flux

observer [26], [24]. The stator flux vector and t-axis current

can be observed by voltage model flux observer with higher

accuracy since the voltage amplitude is relatively large [26].

In this way, accurate DFVC can be achieved. Since the field

TABLE 1. IPMSM parameters.

weakening control can be directly achieved by limiting the

reference flux amplitude through (15), the proposed control

scheme inherits the advantages of the f-t frame based control

schemes in field weakening region.

It worth to notice that there are two MTPA look-up tables

in Fig. 2, which seems to increase the control scheme’s

complexity. However, the MTPA look-up table 1 and 2 can

be obtained simultaneously in the same group of tests at a

motor speed ωt which is between ω1 and the base speed ωb
by varying d-axis currents with same current amplitudes until

the maximum torques are reached. In this way, the accurate

optimal d-axis current for a given current amplitude can be

measured and the accurate MTPA flux amplitude can be

observed by the voltage model flux observer at the same time.

By testing different current amplitudes or torque command,

the MTPA d-axis currents and the MTPA flux amplitudes for

look-up table 1 and 2 can be mapped, respectively. More-

over, due to the d- and q-axis currents for field weakening

control depend on both torque and speed, the look-up tables

for conventional FOC are usually 2 dimensional. However,

since the proposed control scheme only adopts FOC for

MTPA operation which is independent of speed, the look-up

table 1 and 2 in Fig. 2 are 1 dimensional. Therefore, the gen-

eration of the look-up table 1 and 2 for the proposed control

scheme is actually much easier than that of conventional

FOC.

The error of the voltage model flux observer is related to

motor speed [29]. When motor speed is low, especially close

to zero, the stator voltage amplitude is small and the error of

voltage model flux observer is relatively large because of the

estimation errors of the voltage drop on the inverter or on the

motor winding resistance, which is always inevitable. Due to

the sensitivity of the f-t frame based MTPA control schemes

to the errors of flux amplitude as mentioned in Section II

part A, if the optimal flux amplitudes for MTPA operation

are obtained by tests at a high speed through the voltage

model flux observer, the MTPA control accuracy may be

significantly deteriorated at low speed, and vice versa. How-

ever, the proposed integrated control scheme only adopts the

f-t frame based control scheme for MTPA operation within

a small speed range close to the based speed which is the

maximum speed forMTPA operation. In this way, the error of

the voltage model flux observer can be minimized. Moreover,

due to the speed range in which the f-t frame based control

scheme is adopted for MTPA operation is relatively narrow,

VOLUME 8, 2020 97939
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i.e., between ω1 and the based speed, the influence of the flux

observer accuracy variation due to the motor speed variation

is also limited.

C. TRANSITION BETWEEN FOC AND DFVC

According to Fig. 2, for a given reference torque, two pairs of

reference flux amplitudes, (9∗
sFOC ,9

∗
sDFVC ), and reference t-

axis currents, (i∗tFOC , i
∗
tDFVC ), are generated for the FOC and

the DFVC, respectively. In order to have a smooth transition

between the two control schemes, a transition region, from

ω1 to ω2, and vice versa, is defined as shown in Fig. 3.

FIGURE 3. Linear interpolation in the transition region.

When the speed is below ω1, 9∗
sFOC and i∗tFOC generated

for the FOC is adopted as the reference flux amplitude and t-

axis current. When the speed is above ω2,9sDFVC and itDFVC
generated for the DFVC is adopted. When the speed ωx is

between the two, i.e., ω1 < ωx < ω2, the reference flux

amplitude and t-axis current can be generated from the linear

interpolation given in (29) and (30).

9∗
s =

ω2 − ωx

ω2 − ω1
9∗
sFOC +

ωx − ω1

ω2 − ω1
9∗
sDFVC (29)

i∗t =
ω2 − ωx

ω2 − ω1
i∗tFOC +

ωx − ω1

ω2 − ω1
i∗tDFVC (30)

Similarly, two pairs of observed flux amplitudes, (9̂sFOC ,

9̂sDFVC ), and observed t-axis currents, (
ˆ̇itFOC ,

ˆ̇itDFVC ), shown

in Fig. 2, are employed in the feedback loops of the proposed

control scheme. When the speed is below ω1, the observed

9̂s and
ˆ̇it are equal to 9̂sFOC and ˆ̇itFOC , respectively. When

the speed is above ω2, the 9̂s and
ˆ̇it are equal to 9̂sDFVC and

ˆ̇itDFVC , respectively. If the speed is in between the two, 9̂s

and ˆ̇it are generated from the linear interpolation given in (31)

and (32).

9̂s =
ω2 − ωx

ω2 − ω1
9̂sFOC +

ωx − ω1

ω2 − ω1
9̂sDFVC (31)

ˆ̇it =
ω2 − ωx

ω2 − ω1

ˆ̇itFOC +
ωx − ω1

ω2 − ω1

ˆ̇itDFVC (32)

Therefore, a smooth transition between the two control

schemes can be achieved.

D. VOLTAGE MODEL FLUX OBSERVER

In this paper, a voltage model flux observer which is machine

parameter independent is adopted, however, other kinds of

observers are also possible for the proposed control scheme.

The voltage model is given by (33) and (34).

⇀

9s =
1

s

(

⇀
va − R

⇀

I α

)

(33)

9s =
E

ωe
(34)

where
⇀

9s is the flux vector,
⇀
va is the stator voltage vec-

tor,
⇀

I α is the current vector. According to (33), the flux

vector can be obtained by integration of the voltage vector.

However, in practice, since the pure integration is always

suffered from the integrator drift, a low-pass filters together

with phase angle and magnitude compensations are always

utilized instead of the integrator. The block diagram of the

flux observer is shown in Fig. 4,
⇀
v

∗

a is the reference voltage

vector, E is the EMF voltage amplitude, ωe is the electrical

speed, ωc is the cut-off frequency of the low-pass filter, θe is

the angular displacement of d-axis with respect to α-axis.

FIGURE 4. The flux observer.

IV. SIMULATION RESULTS

Simulations were performed based on a prototype IPMSM

drive system. The motor specification is given in Table 1 and

it is designed for distributed traction of a micro-size elec-

tric vehicle with peak power of 10 kW at the base speed

of 1350 r/min. The d- and q-axis inductances and the perma-

nent magnet flux linkage of the machine are highly non-linear

and vary significantly with currents because of magnetic

saturation. Given that the up limit of the transition speed

should be below the based speed, the ω1 and ω2 in Fig. 3 are

set to 800 r/min and 900 r/min, respectively. The Ld , Lq and

9m in for FOC are set to their nominal values, i.e., 0.64 mH,

1.84 mH and 0.1132 Wb, respectively.

A. ACHIEVE FOC IN DFVC FRAME

In order to verify the FOC achieved in DFVC frame when

speed is below ω1, simulations were first performed by vary-

ing d- and q-axis reference currents from 0A to the maximum

current, i.e., 120 A, at 400 r/min, repetitively. The simulation

results of the reference and resultant d- and q-axis currents of

the proposed control scheme are shown in Fig. 5. It can be

seen from Fig. 5, the resultant d- and q-axis currents always

follow the reference d- and q-axis currents accurately even

with nominal motor parameters, which demonstrates that the
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FIGURE 5. Reference and resultant d- and q-axis currents of the proposed
control scheme at 400 r/min.

reference d- and q-axis current can be controlled through 9∗
s

and i∗t .

Since the (9̂sFOC , ˆ̇itFOC ) and (9
∗
sFOC , i∗tFOC ) in Fig. 2 were

calculated based onmachine parameters through (3) and (17),

in order to study the influence of machine parameter errors on

the FOC control performance in the DFVC frame, an error

varied from −10% to 10% of the 9m amplitude was injected

into the 9m which is the dominant component of 9̂sFOC

and 9∗
sFOC . The simulation results of the reference torque,

resultant torque and the percentages of error injected into 9m

are illustrated in Fig. 6.

FIGURE 6. Reference and resultant torque of the proposed control
scheme when errors were injected into 9m at 400 r/min.

As can be seen from Fig. 6, although the error injected into

the 9m varied from −10% to 10%, the resultant torque fol-

lowed the reference torque accurately. This was due to the fact

that the error in (9∗
sFOC ,i∗tFOC ) caused by the inaccurate 9m

was compensated by the current model based flux observer

in which 9̂sFOC and ˆ̇itFOC were generated based on the same

9m. As a result, the resultant (id , iq) essentially followed

(i∗d , i
∗
q), which make the resultant torque followed the refer-

ence torque accurately.

B. PERFORMANCE OF THE PROPOSED CONTROL

SCHEME DURING SPEED AND TORQUE CHANGING

In order to verify the performance of the proposed integrated

control scheme during speed and torque changing, simu-

lations were performed with the rotor speed stepped from

100 r/min (< ω1) to 1000 r/min (> ω2) in every 5 seconds

before t = 30 s. After t = 30 s, the rotor speed stepped

between 810 r/min and 890 r/min, i.e., varied between ω1

and ω2, in every 5 seconds. In this way, the proposed con-

trol scheme switched between FOC mode and DFVC mode

continuously before t = 30 s and the rotor speed stepped

continuously in the transition region after t= 30 s. Moreover,

the reference torque stepped from 10 N·m to 50 N·m in every

10 s. The resultant torque, reference torque and rotor speed

are shown in Fig. 7. As shown in Fig. 7, the resultant torque

always follows the reference torque no matter if the control

mode switched or rotor speed varies in the transition region.

FIGURE 7. The resultant torque, reference torque and rotor speed when
rotor speed and torque varies.

The three-phase current waveforms around t = 20 s corre-

sponding to the operating condition illustrated in Fig. 7, i.e.,

when torque stepped from 10 N·m to 50 N·m and rotor speed

stepped from 100 r/min to 1000 r/min, are shown in Fig. 8.

FIGURE 8. The three-phase current waveforms around t = 20 s
corresponding to the operating condition illustrated in Fig. 7.

As can be seen from Fig. 8, the three-phase current wave-

forms are sinusoidal before and after the step change of the

speed and torque. During the speed and torque step, the three-

phase current waveforms changed promptly. This is due to

the proposed control scheme is actually implemented in the

f-t reference frame, which directly regulates the flux linkage

through voltage vector instead of regulating the currents.

It worth to notice that for most applications, electric vehicle

traction, in particular, a step-change in speed will not occur

due to drive system inertia or large mass. Therefore, condi-

tions which are worse than that illustrated in Fig. 7 will not

happen practically.

C. CONTROL PERFORMANCE IN TRANSITION REGION

The control performance of the proposed integrated control

scheme in the transition region is also studied. The ref-

erence torque was set to 45 N·m and rotor speed varied

from 700 r/min (< ω1) to 1000 r/min (> ω2) gradually.

Moreover, errors were deliberately injected in i∗q and i∗tDFVC
of Fig. 2 so that when the motor was controlled in FOC

mode, the resultant torque was 48 N·m. Whereas when the

motor was controlled in DFVC mode, the resultant torque
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was 42 N·m. The simulation result of the proposed control

scheme is shown in Fig. 9. As shown in Fig. 9, when the rotor

speed is belowω1, themotor was controlled in FOCmode, the

resultant torque was 48 N·m. When the rotor speed is above

ω2, the motor was controlled in DFVCmode and the resultant

torquewas 42N·m.When the rotor speedwas betweenω1 and

ω2, i.e., in transition region, the resultant torque was between

48 N·m and 42 N·m. This simulation results illustrate that the

torque control accuracy of the proposed control scheme in

transition region is between the accuracy of FOC and DFVC.

FIGURE 9. Control performance of the proposed integrated control
scheme in the transition region when the speed varies from 700 r/min to
1000 r/min.

V. EXPERIMENT RESULTS

The proposed integrated control scheme has been imple-

mented and tested on a prototype IPMSM drive whose spec-

ifications are given in Table 1. The prototype machine was

mounted via a high precision inline torque transducer on the

test-rig and loaded by the dynamometer as shown in Fig. 10.

During the tests, the IPMSM operated in torque control mode

with its speed controlled by the dynamometer. The inverter

switching frequency was 8 kHz. The Ld , Lq and 9m in (3)

and (34) were set to their nominal values, i.e., 0.64 mH,

1.84 mH and 0.1132 Wb, respectively. The MTPA look-up

table 1 and 2 in Fig. 2 were the same as the ones in the

simulation part. The ω1 and ω2 in Fig. 3 were set to 800 r/min

and 900 r/min, respectively.

FIGURE 10. IPMSM test rig and the motor controller.

A. FOC AT LOW SPEED

The test was first carried out when the speed was below

800 r/min, and the motor was effectively controlled by the

FOC scheme through the f-t frame. To illustrate the perfor-

mance of the proposed control scheme, the motor drive was

tested at 400 r/min with step changes in reference torque.

Fig. 11 shows the reference d-axis current and measured

d-axis current when the reference torque was stepped from

30 N·m to 35 N·m. As can be seen, the measured d-axis

current follows the reference d-axis current generated by the

look-up table 1 for FOC accurately.

FIGURE 11. Reference torque, FOC reference d-axis current and
measured d-axis current when the reference torque stepped from 30 N·m
to 35 N·m at 400 r/min.

The reference andmeasured q-axis currents under the same

operating conditions as Fig. 11 are compared in Fig. 12. The

accurate q-axis current control can also be observed. The

measured torque is shown in Fig. 18.

FIGURE 12. FOC reference q-axis current, measured q-axis current and
reference torque at 400r/min with the reference torque stepped from
30 N·m to 35 N·m.

B. TRANSITION BETWEEN FOC AND DFVC

When themotor is operating in the transition region, i.e., from

800 r/min to 900 r/min, the proposed control scheme is a

linear combination of the FOC scheme and the DFVC scheme

through (29)–(32).

To verify the performance of the proposed control scheme

in the transition region, the motor drive was tested at

850 r/min. Fig. 13 shows the reference d-axis current, i∗d ,

generated by the look-up table 1 in Fig. 2 and the measured

d-axis current when the reference torque changes in step
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from 30 N·m to 35 N·m. Due to the errors of the nomi-

nal machine parameters, (9∗
sFOC , i

∗
tFOC ) calculated by (3)

and (17) is not equal to (9∗
sDFVC , i

∗
tDFVC ). According to (29),

(30) and (3), (17), the reference d-axis current for (9∗
sFOC ,

i∗tFOC ) is different from that corresponding to the (9∗
s , i

∗
t ).

Hence, the resultant d-axis current of the proposed control

scheme is not equal to the i∗d generated by the look-up table 1,

i.e., the MTPA d-axis current, in the transition region as

shown in Fig. 13. However, due to the proposed integrated

control scheme directly controls (9∗
s , i

∗
t ) in Fig. 2, therefore,

even the (9∗
s , i

∗
t ) is different from (9∗

sFOC , i
∗
tFOC ) or (9

∗
sDFVC ,

i∗tDFVC ), the (9̂s,
ˆ̇it ) can be still controlled to follow (9∗

s , i
∗
t ).

The measured torque is shown in Fig. 18. The error between

the reference d-axis current and the measured d-axis current

shown in Fig. 13 can be minimized if accurate machine

parameters are adopted in (3) and (17) instead of the nominal

values.

FIGURE 13. Reference torque, measured d-axis current and FOC
reference d-axis current when the reference torque stepped from 30 N·m
to 35 N·m at 850 r/min.

Fig. 14 shows the observed flux amplitude, 9̂s, and the

9∗
sDFVC (from look-up table 2) under the same operating

condition as in Fig. 13, Similarly, the observed flux amplitude

of the proposed control scheme is not equal to the 9∗
sDFVC ,

i.e., the MTPA stator flux amplitude, in the transition region.

From Fig. 13 and Fig. 14, it can be seen that a 2.7% error in

flux amplitude causes a 7.3% error in the d-axis current, this

experimentally proves the derivations in Section II part A.

Tests were also performed by varying speed from

1100 r/min to 400 r/min and back to 1100 r/min with 20 N·m

FIGURE 14. Reference torque, observed flux amplitude and DFVC
reference flux amplitude when the reference torque stepped from 30 N·m
to 35 N·m at 850 r/min.

reference torque. As shown in Fig. 15, smooth transitions

from the DFVC to the FOC and vice versa can be observed.

FIGURE 15. Transitions between DFVC and FOC with 20 N·m reference
torque.

The three-phase current waveforms measured by oscillo-

scope at 20 N·m torque and speed around 850 r/min when the

motor speed was varying from 400 r/min to 1100 r/min are

shown in Fig. 16.

FIGURE 16. Measured three-phase current waveforms at 20 N·m torque
around speed of 850 r/min.

As can be seen from Fig. 16, although the motor is operat-

ing around the speed of 850 r/min, i.e., within the transition

region shown in Fig. 16, the resultant current waveforms

are still sinusoidal, which indicates that the proposed control

scheme integrates the FOC and DFVC successfully.

C. DFVC AT HIGH SPEED

When speed is above 900 r/min, the proposed con-

trol scheme becomes a conventional DFVC as proposed

in [13], [22], [23]. To illustrate the performance of the

proposed control scheme, the motor drive was tested at

1000 r/min. Fig. 17 shows the observed flux amplitude and

FIGURE 17. Reference torque, observed flux amplitude and DFVC
reference flux amplitude when the reference torque stepped from 30 N·m
to 35 N·m at 1000 r/min.
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reference flux amplitude of the proposed control scheme

when reference torque steps from 30 N·m to 35 N·m.

As shown in Fig. 17, due to the motor drive is only controlled

by DFVC, the observed flux amplitude follows the reference

torque accurately. The measured torque is shown in Fig. 18.

FIGURE 18. Measured torque at 400 r/min, measured torque at 850 r/min
and measured torque at 1000 r/min when torque reference steps from
30 N·m to 35 N·m.

Fig. 18 shows the measured torque when reference torque

steps from 30 N·m to 35 N·m at 400 r/min, 850 r/min and

1000 r/min, respectively. As shown in Fig. 18 the resultant

torques in transition region (ωm = 850 r/min) are always

around the torques generated by FOC and DFVC due to the

(9∗
s , i

∗
t ) and (9̂s, ît ) are calculated from (29)-(32). The slight

errors in the measured torque when the motor is operating at

high speeds are due to the mechanical friction and the errors

of flux observer.

D. FIELD WEAKENING CONTROL

In the field weakening region, the rotor speed is above

ω2, conventional DFVC is adopted by the proposed con-

trol scheme and the stator flux amplitude is directly limited

by (15). The performance of the proposed control scheme in

field weakening region was tested by experiments. Fig. 19

shows the measured torque, reference torque, reference flux

amplitude and observed flux amplitude when the reference

torque stepped from 15 N·m to 20 N·m at 2700 r/min (two

times base speed). As shown in Fig. 19, due to themotor being

controlled by DFVC, the reference flux amplitude is equal

to the observed flux amplitude. The small error between the

reference and measured torques is due to the frictional torque

of the motor and flux observer error.

FIGURE 19. Reference torque, measured torque, reference flux amplitude
and observed flux amplitude with torque stepped from 15 N·m to 20 N·m
at 2700 r/min.

Fig. 20 shows the resultant voltage amplitude, maximum

voltage amplitude and resultant d-axis current under the same

operating condition as in Fig. 19. As shown in Fig. 19 and

Fig. 20, although errors can be observed in resultant torque,

the resultant voltage amplitude is always kept at the max-

imum voltage amplitude and the proposed control scheme

inherits the advantages of DFVC in field weakening region.

FIGURE 20. Resultant voltage amplitude, maximum voltage amplitude
and resultant d-axis current when reference torque steps from 15 N·m to
20 N·m at 2700 r/min.

VI. CONCLUSION

This paper proposed a novel integrated control scheme which

combines FOC scheme with DFVC. The proposed control

scheme inherits the advantages of both FOC and DFVC

but avoids the disadvantages of the two conventional con-

trol schemes. The proposed control scheme is verified by

simulations and experiments. Simulation and experiment

results show that the proposed control scheme not only

control IPMSM drive follows reference d- and q-axis cur-

rents accurately at low speed, but also manipulate and limit

flux amplitude directly at high speed. The smooth transi-

tion between FOC and DFVC also verified by experiments.

Therefore, the proposed control scheme could achieve an

accurate MTPA control in constant torque region and a bet-

ter field weakening performance in constant power region.

Meanwhile the complex look-up tables for FOC in field

weakening region and the difficulties in observing flux vector

at low speed are also avoided.
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