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Abstraci—Signal-injection-based methods are a kind of
competitive maximum torque per ampere (MTPA) control
schemes for interior permanent magnet synchronous mo-
tor drives, due to their motor parameter independence
and satisfactory control performance. However, the high
current spectrum peaks (CSPs) produced by the conven-
tional fixed-frequency injected signals may cause nega-
tive effects. To deal with this problem, an MTPA con-
trol method based on pseudorandomly reversed fixed-
frequency (PRRFF) sinusoidal signal injection is proposed
in this article. The PRRFF sinusoidal signals are injected
into the d- and g-axis currents via a specific current loop,
and the MTPA operating points can be detected utilizing
the resultant system response. Benefiting from the ran-
dom characteristic of the injected signals, the proposed
method can achieve far lower injection-induced CSPs than
the conventional fixed-frequency injection methods. More-
over, benefiting from the fixed-frequency characteristic of
the injected signals, the proposed method avoids the diffi-
cult matching of candidate injection frequencies that exists
in the pseudorandom-frequency injection method. The va-
lidity of the proposed method is confirmed by experiments.

Index Terms—Current spectrum peaks (CSPS), interior
permanent magnet synchronous motor (IPMSM) drives,
maximum torque per ampere (MTPA) control, motor param-
eter variations, signal injection.
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[. INTRODUCTION

OWADAYS, energy saving has become an important con-
N cern, especially for electric drive systems. As a kind of
high efficiency motors with attractive features, interior perma-
nent magnet synchronous motors (IPMSMs) are increasingly
used in various applications [1]. For an IPMSM, both the
d- and g-axis currents can produce electromagnetic torque, and
the d- and g-axis current combination for a given torque is not
unique [2]. To generate the required torque with low system
losses, maximum torque per ampere (MTPA) control strategy is
a preferred solution to distribute the d- and g-axis currents, with
which the stator current magnitude can be minimized.

For decades, plenty of efforts have been made to realize
MTPA control [3]. The most common practice is to calculate
the current/flux references online with the MTPA analytical
solution derived from motor mathematical model [4], [5], [6],
[7], [8], [9], [10]. In order to deal with the challenge posed by
motor parameter variations, the motor parameters involved in
the MTPA analytical solutions are usually obtained from prior
knowledge or online estimation. However, as pointed out in [10]
and [11], most of this kind of methods neglect the derivatives of
motor parameters with respect to the current vector angle (or d-
and g-axis currents), and thus, the MTPA control accuracy needs
to be enhanced. The search-based methods, which search the
MTPA voltage/current references online, can avoid the above-
mentioned problem due to the dependence of motor parameters
[12]. Nevertheless, it is a great challenge for this kind of methods
to balance the dynamic and steady-state performance.

In addition to the search-based methods, the signal-injection-
based methods are another kind of parameter-independent
MTPA control methods [13], [14], [15], [16], [17], [18]. By
injecting special high-frequency (HF) signals into the motor,
this kind of methods can detect the MTPA operating points
according to the resultant system responses such as torque
[13], speed [14], electric power [16], and dc-link current [18].
The signal-injection-based methods, benefiting from the high
injection frequency and parameter independence, can realize an
MTPA control with satisfactory accuracy and dynamic perfor-
mance. In these methods, the injected signals are often repeatable
fixed-frequency signals, and the induced HF components in
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motor phase currents are concentrated at certain frequencies.
In this case, high current spectrum peaks (CSPs) are inevitably
introduced, which may result in electromagnetic interference
and even audible noise problems [19].

In recent years, the virtual-signal-injection-based methods
were reported, which mathematically inject the desired signals
into current vector angle and then detect the MTPA operating
points according to the virtual system response [20], [21], [22],
[23], [24], [25]. This kind of methods could avoid the possible
negative effects caused by the injected signals. However, due
to the absence of real signal injection, such methods neglect
the derivatives of motor parameters with respect to the current
vector angle, and additional offline tests [11] or online estimation
[26] is necessary to improve the MTPA control accuracy at high
current amplitude.

The abovementioned discussions show that among various
MTPA control methods, the signal-injection-based methods
have relative technical superiority due to their motor parameter
independence and satisfactory control performance, but the high
injection-induced CSPs may result in negative effects. The pseu-
dorandom signal injection techniques used in sensorless control
may provide reference for reducing the injection-induced CSPs
in MTPA control. In [27] and [28], the pseudorandom-frequency
sinusoidal signals were served as the injected signals for sensor-
less control, and the injection-induced current spectrums were
expanded, reducing the CSPs. Subsequently, the pseudorandom
square-wave signal injection methods were investigated [19],
[291,[301,[311,[32],[33],[34], where the random characteristics
of the injected signals often manifest in frequency, phase, action
time, or frequency-and-phase. In [35], the switching between the
candidate injected signals follows a Markov chain, and the CSP
reduction effect was improved. In addition, the pseudorandom
triangular-wave signal injection was also adopted in sensorless
control [36], which can realize lower injection-induced CSPs
compared with the fixed-frequency triangular-wave and square-
wave signal injection methods.

In [37], the idea of pseudorandom signal injection was intro-
duced in MTPA control through the pseudorandom-frequency
sinusoidal current injection, and a relatively satisfactory effect of
CSP reduction was achieved. Nevertheless, this method involves
the matching of the candidate injection frequencies for randomly
varying, and it is difficult to find the frequency matching that
meets both the signal-to-noise ratio (SNR) and CSP reduction
requirements.

In this article, a novel signal-injection-based MTPA control
method for IPMSM drives is proposed. Unlike the existing
methods, the proposed method employs the pseudorandomly
reversed fixed-frequency (PRRFF) sinusoidal signal as the
injected signal. Benefiting from the random characteristic of
the injected signal, this method can realize an MTPA con-
trol with low injection-induced CSPs. Additionally, the pre-
sented method inherits the advantage of the fixed-frequency
injection methods, which can avoid the difficult candidate
injection frequency matching that exists in the pseudorandom-
frequency injection method. The performance of the pro-
posed method is experimentally evaluated on an IPMSM
drives.

[I. PRELIMINARY KNOWLEDGE FOR MTPA CONTROL

To facilitate the analysis of the MTPA control for IPMSM
drives, the mathematical model of an IPMSM can be established
in the d-g synchronously rotating reference frame, as follows:

di

uqg = Rig + deftd — welLgiy (1)
i
g = Rig + Ly =L +weLaia +wets 2)
3. -
T. = 5 Wyig + (La = Ly) iai,] 3)

where ug 4, 14,4, and Ly 4 are the d- and g-axis voltages, currents,
and inductances, respectively; R, we, ¥y, p, and T, are the
stator resistance, electrical angular speed, permanent magnet
flux linkage, number of pole pairs, and electromagnetic torque,
respectively.

It follows from (3) that, the current operating point (i 4, i,) that
can generate a given torque is not unique. Among these operating
points, there exists an operating point with the minimum current
magnitude, i.e., the MTPA point. A common way to obtain the
MTPA points is calculating with (4). It should be pointed out that
the current operating points calculated by (4) are not the actual
MTPA points, because the motor parameter variations are not
fully considered in the derivation of this equation [11]

. Yy _ v} 9
T 9 (L, - La) \/4(Lq — Lg)* T @

According to [18], the actual MTPA points can be regarded
as solutions to the following constrained optimization problem:

minimize || = /i3 + i2, subjectto T, = T (5)

where |i | is the magnitude of the stator current, and Tq is
the desired torque. By implementing the Lagrange multiplier
method, the MTPA condition i4(07./0iy) — iy(0T./0ig) = 0
can be derived from (5). For ease of discussion, let

oT. oT.
F=i;—" —i,—.
d Oigq 7 9iy4

(6)

Then, the derived MTPA condition i (07 ./0i,) — iy(0T./0i )
= 0 can be summarized as F = 0.

It is worth noting that F' is closely related to the operating
point of the system, as shown in Fig. | [18]. It can be seen that
F reflects the relative location between the operating point and
the MTPA point, and satisfies F = 0 at the MTPA point. Thanks
to this characteristic, F can be served as an MTPA indicator. In
this case, an accurate MTPA control can be achieved by forcing
F to zero, i.e., F = 0.

Ill. PROPOSED MTPA CONTROL STRATEGY BASED ON
PRRFF SINUSOIDAL SIGNAL INJECTION

In this section, a novel MTPA control method using PRRFF
sinusoidal signal injection is proposed to realize an MTPA
operation with reduced injection-induced CSPs.
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Fig. 1. Schematic diagram of the typical i;—|is| and i;—F characteristic
curves under constant torque.
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Fig. 2. Principle of the PRRFF sinusoidal signal generation.

A. PRRFF Sinusoidal Signal for Injection

The sinusoidal signal for injection can be uniformly expressed
as Asinwyt, where A and wj, denote the injection gain and
injection frequency, respectively. In the conventional signal-
injection-based MTPA control methods, the injection frequency
wy, and injection gain A are usually constant, i.e., the sinusoidal
signal for injection is repeatable. This makes the induced HF
components in motor currents to be concentrated at certain
frequencies, resulting in unwanted high CSPs. To deal with this
problem, a PRRFF sinusoidal signal with random characteristic
is investigated and adopted in the proposed method. This signal
is generated by pseudorandomly reversing the conventional
fixed-frequency sinusoidal signal, i.e., pseudorandomly revers-
ing the sign of the injection gain A.

The principle of the PRRFF sinusoidal signal generation is
illustrated in Fig. 2. It can be seen that the PRRFF sinusoidal
signal is determined by a pseudorandom number N with the
value of 0 or 1; if N = 0, the conventional (positive gain)
sinusoidal signal is served as the PRRFF sinusoidal signal, i.e.,
the injection gain A of the PRRFF sinusoidal signal is positive; if
N =1, thereversed conventional sinusoidal signal is served as the
PRRFF sinusoidal signal, i.e., the injection gain A of the PRRFF
sinusoidal signal is negative; once a (or other preset number of)
sinusoidal cycle is finished, the pseudorandom number N will be
updated, as well as its corresponding PRRFF sinusoidal signal.

In the abovementioned PRRFF sinusoidal signal generation
process, the pseudorandom number N is mainly provided by the
32-bit xorshift random algorithm [38]

X = (Sj,1 < 13) 5] 51;1
Y=(X>17) @ X (7)
Si=Y<h)aY

[

where the subscript “/” denotes the jth injection cycle, ® denotes
the bitwise XOR operator, S is the 32-bit pseudorandom number
among [1, 232 —1] with initial value 2463534242, and X and Y
are the 32-bit intermediate variables. Then, the pseudorandom
number N with the value of 0 or 1 can be generated according
to §; as

_J0, 85 <P- (282 —1)
N{L%2p4ﬁ21) ®

where P is the reversing probability of the sinusoidal signal,
which is set as 0.5 in this article.

B. Signal Injection and Electric Power Response

According to [18], to implement a signal-injection-based
MTPA control, the HF signals injected into the d- and g-axis
currents can be given as follows:

idh = —’iqu sin wht (9)
igh = tgoAsinwpt

where ig4o and iy represent the dc components of the d- and
g-axis currents, respectively. In the proposed method, the sign
of the injection gain A is pseudorandomly reversed. With the
injected signals shown in (9), the d- and g-axis currents can be
expressed as

{id = idO — iqu sinwht (10)

iqg = 1q0 + tqoAsinwpt

The electric power P, is closely related to the d- and g-axis

currents, which is usually expressed as (11) and can be further

rewritten as (12) based on (1)-(3), where w,,, is the mechanical
angular speed

3
P, = *(’U,did + uqiq)

11

- (11
3 9 - dig . di i

P. = 3 R (25 + Zg) + Ldldg + quq?; + winTe(id, iq)-

12)

Then, by substituting (10) into (12), the electric power re-
sponse due to the signal injection can be derived as

P = 3R (i + i) (1+34°)
— 3R (i3 + igo) A? cos 2wyt

+ 3 (Ldigo + Lqigo) whA2 sin 2wht

1
_3
2

(Ld — Lq) idOquWhA coswpt + wmTe (id, iq) .
(13)

It follows from (13) that to learn more detailed information
contained in the resultant electric power response, the specific
information about the resultant torque T.(i4, i) is required.
Based on the bivariate Taylor series expansion, the resultant
torque T(ig, i4) can be derived as

Te(idviq)
= Te(igo — iqoAsinwpt, igo + igoAsinwpt)
o oL, o1, . .
= Te(iq0,iq0) + Zdoafiq(ldoquo) - ZqoaT.d(ldo?Zqo)
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Fig. 3. Signal demodulation for extracting the MTPA indicator informa-
tion F(iqo,ig0)-

Asinwpt + - - - (14)

According to (6), the terms in the square brackets in (14), in
effect, represents the dc component of the MTPA indicator F,
i.e.,

o . oT, ol

F (igo,iq0) = ldoafiq (40, %q0) — ZqO% (id0,iq0) - (15)

Then, the resultant torque 7c(i4, i,) shown in (14) can be
rewritten as

T, (id, iq) =T, (ido, iq0> + F (ido, iqo) Asinwpt + - - -
(16)
After the resultant torque T(ig4, i4) is derived, substituting
(16) into (13) yields the detailed electric power response due to
the signal injection, i.e.,

P. = 3R (i + %) (1+ $4%) +waT. (iao, o)
— 3R (i5y +i2) A% cos 2wyt

+ % (Ldigo + Lqiﬁo) wp A? sin 2wt
- % (La — Lgq) taoiqown A coswpt

+ F (g0, iq0) wmAsinwpt + - - - 17)

C. Extraction of MTPA Indicator Information F(izg, iy0)

Since the dc component of the MTPA indicator, i.e., F(iq,
iq0) reflects that whether the operating point (iqg, ig) is the
MTPA point, it is necessary to evaluate it. It follows from (17)
that the MTPA indicator information F(ig0,i40) is contained in
the sinwpt component of the electric power P, and could be
extracted through the signal demodulation shown in Fig. 3. As
can be seen in Fig. 3, the electric power P, is first fed into a
PRRFF band-pass filter (PRRFF-BPF) whose center frequency
is wy, (this BPF will be discussed in Section III-D), and only the
pseudorandomly reversed injection frequency components (i.e.,
the terms being proportional to Asinwpt and Acoswpt in (17))
can be obtained. The output of the PRRFF-BPF, i.e., P, is then
multiplied by Asinwpt, and the product can be expressed as (18).
This product is further filtered by a low-pass filter to obtain
its dc component F(i 49, iqo)wmAz/Z. Finally, the obtained dc
component is divided by w,,A?/2, extracting the MTPA indicator
information F(iq, i)

[F (a0, iq0)wm A sinwpt

3

~3 (La — Lgq) taoiqownAcoswpt| - Asinwpt

Au=2Ly(k~1)~ y(k~2)]

Au =u(k)—u(k-2)

Equation (20)

Block diagram of the investigated PRRFF-BPF.

Fig. 4.

Lg— L,)igot A2
- _ 3(La quOZqOWh sin 2wpt

_ Pﬂ(idOaqu)W'mlLl2 cos 2wht + Pﬂ(idOaqu)‘“‘-}mA2

2 2

(18)

The extracted MTPA indicator information F(i 49, i40) will be
employed to adjust the operating point of the motor until F(i 59,
iq0) = Oisreached, i.e., the operating point locates on the MTPA
point.

D. PRRFF-BPF and Current Control Loop Considering
PRRFF Signal Injection

The BPF is crucial for MTPA indicator extraction process, as
shown in Fig. 3. In [37], the second-order BPF shown in (19) is
adopted, where £ (0 < £ < 0.2) is the damping ratio

28wy s
§2 + 28wy s + wi’

With the Tustin method with frequency prewarping, the
continuous-time transfer function (19) can be discretized as

y(k) = goAu + gr1y(k — 1) + goy(k — 2) (20)

where go,1,2 denote the gain constants, k denotes the kth sam-
pling period, y(-) denotes the output of the BPF, and

Au = u(k) — u(k — 2)

where u(-) denotes the input of the BPF.

In this article, the PRRFF sinusoidal signal is selected as the
injection signal, and the above BPF cannot process such signal.
To deal with this problem, a PRRFF-BPF is investigated in this
article, as shown in Fig. 4. Since the PRRFF sinusoidal signal
Asinwyt is uniform sinusoidal signal within every segment that
has the same sign of injection gain A, the PRRFF-BPF basically
retains the form of the conventional BPF (20). Furthermore,
considering that the PRRFF sinusoidal signal is obtained by

GBPF(S) = (19)

ey
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Fig. 5. Simulation results of the investigated PRRFF-BPF.

piecewise reversing the conventional uniform sinusoidal signal,
the PRRFF-BPF reassigns the input and output variables of the
conventional BPF (20) using the history information, within
three sampling periods after the sign of injection gain A is
changed. Specifically, when A(k)-A(k—1) < 0, let y(k—1) =
—y(k—1); when A(k—1)-A(k—2)<0, let y(k—2) = —y(k—2);
when A(k—2)-A(k—3) <0, let Au = 2[y(k—1)—y(k—2)].

To verify the feasibility of the presented PRRFF-BPF, simu-
lation was performed, and the results are shown in Fig. 5. In the
simulation, the input mixed signal to be filtered is

f(t) = Sinprrpr(t) + 0.2 8in 2wyt + 0.2 cos 0.5w,t + 2 (22)

where Sinprrpr(f) denotes the unit PRRFF sinusoidal signal,
i.e., Sinprrrr(f) = (A/JA|)sinwt. It can be seen from Fig. 5 that
the output of the PRRFF-BPF agrees well with the unit PRRFF
sinusoidal signal Sinprprpr(?), i.e., the PRRFF-BPF can well
extract the PRRFF sinusoidal signal from the input mixed signal.

Given the satisfactory filtering performance of the presented
PRRFF-BPF, it is employed to constitute a current control loop
considering the required PRRFF signal injection in this article,
as shown in Fig. 6.

As shown in Fig. 6, the current control loop consists of the
PI based main control loop and the PRRFF-BPF based auxiliary
control loop, which are mainly responsible for the closed-loop
regulations for the dc components and the injected PRRFF
components of the currents, respectively. In the PRRFF-BPF
based auxiliary control loop, the references are the injected
PRRFF signal references 47, and if]h, and the feedbacks are

——————————————————————————————————————————————————————————————————————————————————————————

PRRFF-BPF based !
auxiliary control loop |

—»T—v ko

4.
v u
k +Y

*’?—’kJr—" >— >
N
q

PI based main control loop !

Fig. 6. Current control loop considering PRRFF signal injection.

k|
>k, +: Motor |

i;h + k +:— M; N 1 i id _

. 5 " U R+Lys | "
i | :
PRRFF-BPF ! ‘

28m,s

S +2los+ @} |

Fig. 7. Equivalent block diagram of the PRRFF current control loop.

way, the auxiliary control loop can only regulate the PRRFF
components without influencing the dc components.

The controller parameter k;, in the auxiliary control loop
is crucial for the PRRFF current components tracking. If an
inappropriate value is selected, the PRRFF current components
tracking error may be occurred. This may influence the MTPA
control accuracy, as derived in Appendix A. Hence, the con-
troller parameter kj, needs to be designed carefully.

Given that the PI based main control loop has certain effect
on the regulation of the injected components [37], the equivalent
block diagram of the PRRFF current control loop (take the d-axis
as an example) can be shown in Fig. 7. Since the PRRFF-BPF is
the same as the conventional BPF within every segment having
the same sign of injection gain A, (19) can be served as the
transfer function of the PRRFF-BPF in the controller parameter
design, as shown in Fig. 7.

From Fig. 7, the transfer function of the equivalent PRRFF
current control loop can be derived as (23) shown at the bottom
of this page.

Substituting s = jwy, into (23), the frequency characteristic of
(23) at the injection frequency wy, can be obtained as

the PRRFF current components (i.e., iy, and ig4,) obtained by ian(jwn) ki + jwn (kp, + kp) (24)
filtering the d- and g-axis currents with PRRFF-BPFs. In this i%, (Gwn) ki —w?Lg + jlwn(kn + kp) + wpR]
idh(s) _ wah(kh + kp)s + 2w k; 23)
ign(s)  Las® + (26wnLa + R)s? + [wji La + 28wn (kn + kp) + 26wn R]s + Wi R + 28wnk;
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s 14
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F
Equation (11)
Fig. 8. Block diagram of the proposed MTPA control strategy based on

PRRFF sinusoidal signal generation.

It follows from (24) that if the condition (25) is satisfied, (26)
can be obtained

wp(kn + kp) > k; 25)
wp(kn + kp) > | (ki — wiLg) + jwn R|
ian(jwn) ~1 (26)
i (Jwn)

Equation (26) shows that at the injection frequency, the
PRRFF current reference 7}, can be accurately tracked by igp,.
Similarly, the PRRFF current reference i;h can also be accu-
rately tracked by i,. This means that the overall current control
loop shown in Fig. 6 can achieve an accurate PRRFF current
component tracking, which can satisfy the current injection re-
quirement of the proposed MTPA control method. The validation
of the PRRFF current component tracking performance of this
current control loop will be given in Section I'V.

The abovementioned discussions show that the key to realiz-
ing an accurate PRRFF current component tracking is making
(25) true. This means that the proportional gain ky, in the auxiliary
current control loop should meet

kp >> (kz — whkp)/wh
kp >> — (whkp — \/(kzl — o.)%Ld)2 + w}QLRQ) /wh
(27)

E. Implementation of the Proposed MTPA Control
Method

Based on the abovementioned discussions, the proposed
MTPA control approach can be implemented, as depicted in
Fig. 8. The PRRFF sinusoidal signal generation module is
responsible for providing the desired PRRFF sinusoidal signal,
and the injected signal references i3, and i;;, can be generated
based on (9) accordingly. Then, with the current control loop, the
injected signals can be injected into the d- and g-axis currents in
accordance with their references 47, and i’; 5~ In such a case, it
follows from Sections III-B and III-C that the MTPA indicator
information F(i 9, i4) can be extracted from the electric power
P through the signal demodulation shown in Fig. 3. Considering

TABLE |
SPECIFICATION OF THE IPMSM
Rated power 4 kW Number of pole pairs 4
Rated torque 38 N-m Stator resistance 0.08 Q)
Rated speed 1000 r/min PM flux linkage 0.14 Wb
Rated current 40 A d-g axis inductances 2.3/3.8 mH

that F(i 40, i) is equal to zero at the MTPA point, a closed-loop
control of F(i g, i40) With zero given value is constructed in the
proposed method, and the output of the regulator (i.e., integrator)
is employed to adjust the reference of iz (i.e., i}y,). With the
help of this closed-loop control, F(i, i40) can be controlled to
zero, and the operating points (i, i4) Will be located on the
MTPA points accordingly, thus achieving an accurate MTPA
control.

In the proposed method, the reference of iy (i.e., ig) is
generated according to (28), and the involved motor parameters
are assigned their nominal values. Since the generation of the
reference iy, is independent of i, to calculate i;, with inac-
curate motor parameters will not affect the accuracy of MTPA
point tracking [11]. The adoption of inaccurate motor parameters
in (28) may result in torque error, which can be automatically
compensated by a speed control loop

T*

-k €

1.0 = AR
%p[qu + (La — Lq)]ldo

(28)

q

Unlike the conventional fixed-frequency signal injection
methods, the proposed method uses nonrepetitive (i.e., PRRFF)
sinusoidal signals as the injected signals. In this way, the induced
HF components in motor currents are no longer concentrated
at certain frequencies, and hence, the proposed method can
realize lower injection-induced CSPs compared with the con-
ventional methods. Moreover, different from the pseudorandom-
frequency injection method, the proposed method employs the
fixed injection frequency, and hence, avoids the difficulty of
matching candidate injection frequencies.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results

To verify the control performance of the proposed method,
simulations were conducted in MATLAB/Simulink. The
IPMSM model is parameter-variable, and its nominal parameters
are given in Table I. In the simulations, the injection frequency
is 344.83 Hz, and the injection gain A = +0.05.

Simulations were first performed at 1000 r/min under a set
of step torque levels within 10 to 50 N-m, and the results are
presented in Fig. 9. As can be seen, the d- and g-axis currents
are tightly centered around the dc current references i}, and
ig0- This means that the investigated current control loop (see
Fig. 6) can realize satisfactory dc current tracking performance
under PRRFF signal injection. Also, it can be seen that the dc
components of the d- and g-axis currents matches well with the
real MTPA points under different torque levels. This means that a
high MTPA control accuracy can be achieved with the proposed
method.
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Fig. 9. Simulation results of the proposed method at 1000 r/min under
a set of step torque levels within 10 to 50 N-m.
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Fig. 10.  Simulation results of the proposed method under 40 N-m

when temperature changes.

Given that the permanent magnet (PM) flux linkage may
vary with temperature, the influence of the temperature rise on
MTPA control accuracy was investigated by changing the PM
flux linkage. The motor was operated in speed control mode at
1000 r/min under 40 N -m, and the PM flux linkage was abruptly
reduced to 85% of its original value at t = 2 s. The results are
shown in Fig. 10, where it can be seen that although the actual
MTPA currents were changed (at # = 2 s) due to the change of the
PM flux linkage, the proposed method can finally and accurately
track the new MTPA currents. Therefore, the proposed method
is robust to temperature rise.

Simulations were also performed under step speed references
and step load torque. Specifically, the step speed references are
400-1000-400 r/min, and the results are shown in Fig. 11; the
step load torque is 10-40-10 N-m, and the results are shown in
Fig. 12. The results in Figs. 11 and 12 show that the proposed
method is robust to the severe operating conditions.

B. Experimental Results

The performance of the proposed method was evaluated based
on the experimental setup shown in Fig. 13, where the tested
IPMSM is operated in torque control mode and the dynamometer

1500

— — Speed reference
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Speed (r/min)

100 T

d- and g-axis currents (A)
(e
SRR

Time (s)

Fig. 11.  Simulation results of the proposed method under 50 N-m
step speed reference changes according to 400-1000-400 r/min.
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Fig. 12.  Simulation results of the proposed method at 1000 r/min

under step load torque 10-40-10 N-m.

Fig. 13.

Experimental setup.

coaxially connected to the IPMSM is operated in speed control
mode. The parameters of the tested IPMSM are listed in Table I.
The control algorithm is executed through dSPACE DS1202.
In this algorithm, the pulsewidth modulation (PWM) frequency
and the sampling frequency are both 10 kHz, the pseudorandom
number N is updated every 3 sinusoidal cycles, the injection
frequency is 344.83 Hz, and the injection gain A = 40.05. Given
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Fig. 14.  Experimental results of the PRRFF sinusoidal signal tracking
of the current control loop.

that the actual gain of the BPFs slightly varies with discretization
way (including frequency prewarping), for fair comparison,
the BPFs in the proposed and the comparable schemes are
discretized in the same way, i.e., Tustin method with frequency
prewarping.

The PRRFF sinusoidal signal tracking performance of the
current control loop (see Fig. 6) was first examined, and the
results are shown in Fig. 14. In the experiment, the magnitudes
of the PRRFF sinusoidal current references iy, and iy, are
manually set as 1.5 and 0.5 A, respectively. The results show
that the feedback PRRFF sinusoidal currents i4, and i, track
their corresponding references 4, and 7y, accurately. Hence,
the current control loop can well meet the PRRFF sinusoidal
current injection requirement of the proposed method.

To verify the MTPA control accuracy of the presented method,
tests under different torque levels were carried out. The cur-
rent trajectory connected by the obtained steady-state operating
points is plotted in the |is|-ig plane, as shown in Fig. 15. For
observation and comparison purposes, the real MTPA current
trajectory, the current trajectory based on (4) using constant
parameters, and the constant torque curves (of 10, 20, 30, 40,
and 50 N-m) are also shown in Fig. 15. It can be seen that the
current trajectory based on (4) noticeably deviates from the real
MTPA current trajectory. This is because the motor parameter
variations are neglected. In contrast, the current trajectory of
the proposed method agrees well with the real MTPA current
trajectory. In other words, the proposed method can realize a
high MTPA control accuracy. Also, it can be seen that the current
trajectory of the proposed method matches well with that of
the fixed-frequency injection method and the pseudorandom-
frequency injection method [37]. This means that the adoption

75 , , :

— — Based on (4)
Real MTPA trajectory

15 | —&— Proposed method

---e--. Fixed-frequency method

-+ >-- Pseudorandom-frequency method

Current magnitude iy (A)

0
-40 -30 -20 -10 0
d-axis current (A)

Fig. 15.  Experimental current trajectories of the proposed method and
the comparable methods.
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Fig. 16. Experimental results of the proposed method at 500 r/min

during an abrupt torque of 10-30-10 N-m.

of the PRRFF injection signals in the proposed method does not
degrade the MTPA control accuracy.

In addition to steady-state conditions, the proposed method
was also tested under dynamic conditions. Fig. 16 shows the
d- and g-axis current responses at 500 r/min during an abrupt
torque of 10-30-10 N-m. As can be seen, the dc components of
the d- and g-axis currents track the dc current references (4, and
iy0) and the real MTPA currents quickly and accurately, after the
torque changes abruptly. This demonstrates that the proposed
method is robust to torque transients and exhibits satisfactory
dynamic performance.

To evaluate the performance of the proposed method in
terms of injection-induced CSP reduction, the proposed PRRFF
method and the conventional fixed-frequency method were con-
trastively tested at 600 r/min under 40 N-m with the same
injection frequency. Fig. 17 shows the resultant motor phase
currents and their fast Fourier transform (FFT) results. It can
be seen that the phase current FFT result of the conventional
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Fig. 17.  Motor phase currents and their FFT results of both the pro-  Fig. 19.  Motor phase currents and their PSD results of both the pro-

posed method and the conventional fixed-frequency method at 600 r/min
under 40 N-m.
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Fig. 18.  Injection-induced maximum CSPs of the conventional fixed-
frequency method and the proposed method under different torque
levels.

fixed-frequency method exhibits two high discrete peaks at
frequencies of wy, + w,., which are induced by the uniform
sinusoidal signals injected into the d- and g-axis currents. In
striking contrast to the conventional method, the phase current
FFT result of the proposed method shows very low peaks near the
frequency of wy,. In other words, the injection-induced CSPs of
the presented method are far lower than that of the conventional
method.

For intuitive comparison, Fig. |8 summarizes the injection-
induced maximum CSPs of the conventional fixed-frequency
method and the presented method under different torque levels.
The results show that compared with the conventional method,
the proposed method can achieve significantly lower injection-
induced CSPs, regardless of torque levels. This benefits from the
pseudorandom characteristic of the injected PRRFF signals. The
theoretical analysis about why the proposed method can reduce
the injection-induced CSPs is conducted in Appendix B.

For stationary random signals, power spectral density (PSD)
is a frequently-used tool to analyze the frequency-domain char-
acteristic [39]. Hence, the motor phase current of the proposed
method obtained under 30 N-m at 200 r/min was analyzed
with this tool, and the analysis result is shown in Fig. 19. For
comparison, the current PSD analysis result of the conventional
method is also given in Fig. 19. It should be noted that the PSD

posed method and the conventional fixed-frequency method at 200 r/min
under 30 N-m.
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= —— Proposed method
E q4b T T A J
K3
[a)
72}
Ay
-
g Db ST
a
0 i i
10 20 30 40 50
Torque (N-m)
Fig. 20.  Injection-induced maximum current PSD peaks of the conven-

tional fixed-frequency method and the proposed method under different
torque levels.

results in Fig. 19 are in linear form. It can be seen that the phase
current PSD of the conventional method contains two discrete
spectra at frequencies of wj, & w., whereas that of the proposed
method contains some continuous spectra near the frequency of
wh, and the phase current PSD peaks of the proposed method are
far lower than that of the conventional method. This implies that
the proposed method can approximately extend the injection-
induced electromagnetic noise to the white noise within a limited
bandwidth, thus reducing the possible negative effects caused by
the injected signals.

Fig. 20 compares the injection-induced maximum current
PSD peaks of the conventional method with that of the presented
method under different torque levels. It can be observed that, for
any given torque level, the presented method can realize a far
lower injection-induced current PSD peak than that of the con-
ventional method. Hence, the characteristic that the presented
method has remarkable CSP reduction effect is also validated
from the PSD point of view.

V. DISCUSSIONS

In the proposed method, the injection frequency wy, needs to
be selected, and whose selection should follow the following
principles.
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1) One injection period (27/w},) should be integral multiples
of the sampling period, to make the PRRFF sinusoidal
signal reverse at zero crossing points.

2) To guarantee the PRRFF current injection performance,
one injection period should be at least 20 times the sam-
pling period.

3) To guarantee the MTPA dynamic tracking performance,
the injection frequency should be at least 100 Hz.

4) For low PWM frequency applications, to make the injec-
tion frequency meet the requirements of 2) and 3), the
dual-sampling-dual-update technique can be employed,
i.e., the signal sampling and duty update are conducted
twice during each PWM period.

In addition to the injection frequency wy, the injection gain
A also needs to be selected. The larger the injection gain, the
higher the injection SNR; the smaller the injection gain, the
smaller the negative effects caused by injection. In this case, the
selection of the injection gain should follow the principle that
selecting the minimum value that satisfies the required injection
SNR. Based on this principle, the injection gain A can be easily
selected within the range 0.02 <A < 0.08 through simple offline
tests.

VI. CONCLUSION

This article presented an MTPA control method based on
PRRFF sinusoidal signal injection for IPMSM drives, which
can realize an MTPA control with satisfactory performance.
To facilitate this method, a PRRFF-BPF was investigated and
then utilized to construct a current control loop considering
the PRRFF signal injection. Unlike the conventional fixed-
frequency injection methods, the proposed method adopts the
nonrepetitive (i.e., PRRFF) sinusoidal signal as the injected
signals, allowing the injection-induced CSPs to be significantly
reduced. In addition, unlike the pseudorandom-frequency injec-
tion method, the proposed method employs the fixed injection
frequency, avoiding the difficult matching of candidate injection
frequencies. The performance of the proposed scheme has been
verified on a prototype IPMSM drive system.

APPENDIX A

If alarge PRRFF current components tracking error is existed.
Taking the d-axis as an example, the injected d- and g-axis
current components shown in (9) become

{idh = 71',1014’/] sin wht (Al)

iqh = idoA sin wht

where 17 (0 < 1 < 1) represents the effect of the injection error.
It follows from the derivation process from (9) to (17) that the
electric power response due to the injected signals (A1) can be
expressed as

Pe :PO+PCOS+Psin2+PCOSQ
+ [F(id0, ig0)wm + 3(1 — n) Rigoiqo

+ (1 - n)iqowmi.e(ido, iqo) Asinwpt

diy (A2)

where Py, Pcos, Psin2, Pcos2 represent the dc component, coswp,f
component, sin2wy? component, and cos2wt component of the
electric power P., respectively. Then, by means of the signal de-
modulation shown in Fig. 3, it can be deduced that the extracted
information from the electric power P. can be expressed as

3(1 - ﬁ)Ridoqu

Pierm = F(iao, iqo) +
Wrn

. OTe
+ (1= iqo g~ (10, 7g0)-
This implies that in the case of the injected signals (A1), the
information extracted from the electric power P, is no longer
the exact MTPA indicator F(i 49, i40). Hence, the MTPA control

accuracy may be influenced.

(A3)

APPENDIX B

According to (10), the motor phase current after signal injec-
tion can be expressed as

1q(t) = igo cOSwet — 140 sinwet — 0.5 A sin(wy, + we)t
+ 0.5i40 A cos(wp, + we )t — 0.55q0 A sin(wp, — we)t
— 0.5i40 A cos(wp — we)t. (A4)

From (A4), the HF components of the phase current can be
expressed as

ian(t) = — 0.5i0Asin(wy, + we)t + 0.54g0 A cos(wy, + we )t

— 0.5igo A sin(wy, — we)t — 0.5i40 A cos(wp, — we)t.
(AS)

Based on Parseval’s theorem, during a certain time 7, the
following relationship is true [28], i.e.,:

T 2 +00 2
/0 lian ()] dt = / [Lan(wp)] duy

oo

(A6)

where I, (wy) is the Fourier transform of the HF phase cur-
rent i, (t). As shown on the left side of (A6), the HF phase
current under the conventional injection and that under the
PRRFF injection have nearly the same energy. According to
(A5), Ion(wys) under conventional injection is concentrated at
two discrete frequencies wy, + w., while I, (wy) under the
PRRFF injection is distributed at a wide frequency range due to
the pseudorandomly reversed injection gain A. Then, it follows
from (A6) that under the PRRFF injection, the injection-induced
CSPs can be reduced.
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