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based on model information is designed for the second-order model of single-loop
control of PMSM. This approach allows for quick and accurate estimation of distur-
bance without increasing bandwidth, while also reducing the burden of ESO with
model-assisted information. Next, with the estimation disturbance feedforward com-
pensation, the composite controller is constructed based on SMC, which effectively
eliminates residual disturbance and reduces chatterings. The stability of the closed-
loop system under the proposed controller is proved strictly. Finally, simulations and
experiments are conducted to validate the effectiveness and robustness of the pro-
posed method.
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1 | INTRODUCTION

Permanent Magnet Synchronous Motor (PMSM) is widely used in high-performance servo systems and various industrial ap-
plications due to its high efficiency and power density~%. However, achieving high tracking accuracy, strong robustness and
excellent security remains a central challenge in PMSM drive system design. In the control of PMSM system, many control
methods have been applied, such as PI control®, fuzzy control?, neural network control®, model predictive control“~ 8 active
disturbance rejection control(ADRC)? and SMCUY, The PI control method is usually adopted in the speed and current con-
trol of PMSM®. However, there is a conflict between system stability and dynamic performance because PI controller is linear.
The construction of membership function of fuzzy control needs manual experience, which is difficult to obtain®. Because of
the complexity of computation, the application of neural network to PMSM requires high-quality hardware®. Model predictive
control does not need to adjust the parameters, but reduces the control effect if there is parameter variation

ADRC and SMC are considered to be effective methods for improving the capacity of resisting disturbance and robustness of
PMSM systems and other practical systems'#~', Conventional ADRC is a combination of PD control and the feedforward of
ESO. In the ADRC scheme, the key element is the ESO!®, which is responsible for estimating unmeasurable state variables and
lumped disturbance'lZ. Furthermore, the states estimated with ESO have less chatterings and are better than those measured with
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hardware. However, the PD controller in ADRC is linear, which limits the control effect of ADRC to some extend. Although
the SMC achieves good robustness, due to the existence of sign function, there is the phenomenon of chatterings, which would
be critical in PMSM systems because of the upper bound of disturbance is relatively high'!C.,

Therefore, in order to further improve the robustness, the composite controller based on ESO and SMC have been proposed in
PMSM. A composite method based on continuous fast terminal SMC and ESO was proposed in'® and the disturbance estimated
by ESO was compensated forward to reduce the chatterings of SMC. A speed regulation controller based on PI-SMC and ESO
was developed in''®. Based on PI-SMC with a new sliding-mode reaching law and ESO, Wang et al. constructed a speed regu-
lation controller in“Y, A discrete compound controller of integral terminal SMC and ESO was proposed inl. With such above
composite controllers, the required switching gain only needs to be greater than the upper bound of the disturbance estimation
error, greatly reducing chattering of SMC. Additionally, SMC can eliminate residual disturbance and improve robustness.

However, the above composite methods based on ESO and SMC are all based on the double-loop structure of PMSM. As
technology has advanced, there is little difference between the control period of the inner and outer loops of PMSM22-23_ As
an alternative to double-loop control, the speed-current single-loop structure has been applied, offering straightforward control
design, simple parameter adjustment and satisfying system dynamic performance?*~23, Despite its advantages, the single-loop
structure inevitably brings the problem of unmatched disturbance. Under the single-loop structure, disturbances in the current
loop are unmatched and enter the system via a different channel from the control input. These disturbances are mainly caused by
external load torques, unmodeled dynamics and parameter perturbations, which have a negative impact on system performance
and stability®. It is difficult to eliminate their influence from the output, posing a significant challenge for PMSM drive system
design®’. Therefore, a robust control method is needed to resist matched and unmatched disturbance in single-loop structure.
To the best knowledge of authors, there are few papers based on ESO and SMC in single-loop structure of PMSM. A composite
controller of three order ESO and backstepping sliding mode was constructed in speed regulation of PMSM in single-loop
structure?®, In?, an ESO was designed to estimate the current and lumped disturbance simultaneously; then, the output-feedback
SMC method was proposed by introducing the estimations.

However, the above strategies in both double-loop and single-loop structure are all based on conventional ESO. The con-
ventional high-gain ESO has accurate estimation, but amplifying noise and without model information will further increase the
estimation burden. The theory of observers reveals the existence of a trade-off between accuracy/speed of state reconstruction
and sensitivity to high-frequency noise®’. Increasing the bandwidth of ESO allows for faster estimation, but it also amplifies
noise and then reduces the control performance. It is necessary to design an ESO that can increase estimation accuracy without
increasing the bandwidth. In recent years, cascaded ESO has been the subject of research, which is capable of fast and accu-
rate signal reconstruction while avoiding over-amplification of measurement noise®!. However, the transfer function from the
total disturbance to disturbance estimation error of cascaded ESO in the frequency domain has not been analysed. What’s more,
cascaded ESO has not been applied in speed-current single-loop structure systems of PMSM with matched and unmatched
disturbance. Additionally, in practical application system, some known information such as model parameter in conventional
ESO is estimated as part of lumped disturbance. ESO with model-assisted information can reduce the estimation burden com-
pared to conventional ESO=%~33. For PMSM system, the nominal values of its parameters are generally owned, so ESO with
model-assisted information is more suitable for application to further reduce the estimation burden.

Motivated by the above survey, in order to simplify the control structure and improve anti-disturbance performance, this paper
presents a novel speed-current single-loop controller to PMSM based on model-assisted cascaded ESO and SMC. Specifically,
a cascaded ESO with model-assisted information is introduced to quickly and accurately estimate lumped disturbance without
the need to increase bandwidth. Using the estimation disturbance feedforward compensation, the paper constructs a composite
speed regulation controller based on SMC to improve robustness.

Compared with the previous related works, the main contributions and novelties of the paper are as follows.

1) A model-assisted cascaded ESO is designed to estimate the matched disturbance and unmatched disturbance for the second-
order model of single-loop control of PMSM. This innovative approach not only allows for quick and accurate estimation of
lump disturbance without increasing bandwidth, but also reduces the burden of ESO with model-assisted information.

2) It is proved that the observation error of model-assisted cascade ESO is bounded. The transfer function of total disturbance
to disturbance estimation error is analyzed in the frequency domain, which shows that model-assisted cascade ESO is faster and
more accurate than conventional ESO.

3) With the estimation disturbance feedforward compensation, the speed regulation composite controller is constructed based
on model-assited cascaded ESO and SMC in single-loop structure of PMSM, which simplifies the control structure, increases
dynamic performance, reduces the chatterings, and improves anti-disturbance performance.
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4) The stability of the closed loop system under the composite algorithm is proved strictly. The influence of each parameter
of the algorithm is analyzed in detail. Simulation and experiment demonstrate the effectiveness and robustness of the algorithm.

The remaining parts of the paper are organized as follows. Section 2 presents the mathematical model of PMSM. In section
3, anovel single-loop composite controller based on model-assisted cascaded ESO and SMC is proposed to simplify the control
structure and improve anti-disturbance performance. Section 4 presents the simulative and experimental results. Finally, the
conclusions are drawn in section 5.

2 | MATHEMATICAL MODEL OF PMSM

Based on typical d-g synchronously rotating reference frame, the mathematical model of surface-mounted PMSM in time domain
can be described as follows

;1 ; j

ta = 1Z (—Rgiy +m@Liy+u,),

iq == (_Rsiq —nywLiy —n,o® + u‘I) ’ .
= J_m(Te—TL_Ba’)’

where L is stator inductance, i; and i g are d-q axis stator current, u; and u, are d-q axis stator voltage, respectively. R, is the
stator resistance, n, is the number of pole pairs, w is the mechanical angular velocity, @ is the rotor flux, J,, is the inertia, 7; is

the load torque disturbance, 7, = zn , @i, is the electromagnetic torque, B is the viscous friction coefficient.
In order to obtain the maximum torque-to-current ratio, the reference of d-axis current iz is set to 0. If the controller of the
d-axis current loop works properly, i, =i’ = 0 is attained 24t hen the system of () with uncertainties can be described as,

iq 1 (—Rsiq - npw<I>+uq) +d,,
R E @
w = <2np¢>1 Bco) +d,,

where d, is matched disturbance, including parameter perturbations, unmodeled dynamic and external disturbance. d,, is un-
matched disturbance, including unknown load torque, parameter perturbations, unmodeled dynamic and external disturbance.
d p and d_, are expressed as follows,

—AR;i, — n,0AD — ALi )
d, = 7 —n,wiy + W,

3, A, — ABw— A0 )
d =—T—L+2 r +w
©=77 7

m m

w?

where AR, AL, A®, AJ,, and AB are the perturbations of the parameters R,, L, ®, J,, and B respectively. In addition, the
external disturbances w, and w,, act on the current loop and the speed loop, respectively.
Based on the speed-current single-loop structure, the control system combines the speed loop and the current loop into a loop,
and the second-order speed equation is established as follows,
B 3n,®

b=—0+ 2; i, +d,. “4)

m

Substituting (2) into (@), the motion equation of PMSM can be written in the following form,

5
d'):Md)+Na)+gquq+dO, )
BL+J,R, 2BR, + 3@ 3n,® 3n,® o .
where M = ——— N = — , 8 and d, = d + dw +d,, is the lumped disturbance. For
J,.L 2J,L @~ 2J,,L 2J, L

PMSM system, the nominal values of its parameters are generally owned, so M, N and g, are known.

Assumption 1. The derivative of lumped disturbance d, is bounded and define ¢, = sup ||d,||.
>0
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The control objective is to construct a speed regulation controller based on model-assisted cascaded ESO and SMC for system
(3) when PMSM is disturbed by matched and unmatched disturbance.

3 | CONTROLLER DESIGN

In this section, the cascaded ESO with model-assisted information is first proposed to estimate the lumped disturbance. In
addition, the model-assisted cascaded ESO is analyzed in the frequency domain. Then, with the estimation disturbance and
the estimation state @ feedforward, the composite controller is constructed based on SMC. What’s more, the stability of the
closed-loop system under the proposed controller is proved. The overall algorithm process is shown in Fig. [T}

i = u, | u,
o PLE 9 /T o 3] 3ophase | !
—> 4 | —> o =31 NPC | |
- " .
af: controller (28) 4 | » / ABC ] —3 Inverter | |
[
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model-assisted [ } : PMSM |
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| of angular < ;
and velocity generalized |
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Figure 1 The overall algorithm process

3.1 | Model-Assisted Cascaded Extended State Observer

A cascaded ESO based on model information is designed below, which not only can estimate lump disturbance quickly without
increasing bandwidth, but also can reduce the burden of ESO with model-assisted information. The model-assisted cascaded
ESO is shown in Fig. 2|

Define x; = w, x, = &, X3 = d,), then the system dynamic of (5 can be expressed as follows,

5C1 = X2,
Xy = Mx; + Nxy + guu, + xs, (6)

For the above equation, the first ESO with model-assisted information can be constructed to estimate state variables and lumped
disturbance, designed as follows,

2y =2+ Iy (% = 2p).s

zi3 =113 (%, —z).

where z,,, z, and z,5 are the estimations of x,, x, and x5. /|, [, and /5 are observer gains of the first ESO.
After the first ESO, the estimation error of disturbance is as

d) =x3—2z3. ¢))

Assumption 2. The derivative of d, is bounded and define ¢; = sup ||d, ||.
>0
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Figure 2 The model-assisted cascaded ESO

The second ESO model-assisted information is designed to estimate the state variables and d; as follows,
Zy) = Zpyp + 1y (xl - Z21) )
222=M222+NZ21+gquq+213+Z23+l22 (xl —221), (9)
23 =y (X1 = 231) ,
where z,,, z,, and z,5 are the estimations of x|, x, and d,. /,,, l,, and ,; are observer gains of the second ESO. After the second
ESO, the estimation error of disturbance is as follows,

dy = X3 =213 = Zp3. (10)
And so on, after the (n — 1)th ESO, the disturbance estimation error is d,_; = X3 — 23 = Zp3 = .. = Z(_1y3-
Assumption 3. The derivative of d,, ...,d,_; (n > 2,n € N*) are bounded and define ¢, = sup ||d, ||, ..., {,_; = sup ||d,_,||-
>0 >0

Then the nth model-assisted ESO is designed as,

2y = Zp + Ly (X1 = 21) s
an = MZnZ + NZ”I +gqllq + 213 + 223 + ...+ Z”3 + ln2 (xl - an) N (11)

Z.n3 = ln3 (xl - an) s
where z,,, z,, and z,; are the estimations of x;, x, and d,_;.
After the n-level model-assisted cascaded ESO, the estimated total disturbance is obtained as,

2},’ :ZI3+ZZ3 +...+Zn3, (12)
and the disturbance estimation error is
d,=x;—2,. (13)

Theorem 1. Consider the speed-current single-loop structure of PMSM (B)) and its corresponding s-level model-assisted cas-
caded ESO , @]) and @]) Under the assumption 1, 2 and 3, by choosing the parameters of ith model-assisted ESO (1 < i < n,
i€ NMasl, =M +3a;, 1, =3a>+3a;M + M?>+ N and [;; = ’(a; > 0 is the observer bandwidth of ith model-assisted
ESO), the estimation errors e; are bounded for any finite time ¢ > 0. In addition, increasing the observer bandwidth «; can re-
duce the estimation error and increase the convergence rate. What’s more, if the lumped disturbance d,, is slow time-varying,
the n-level model-assisted cascaded ESO is asymptotically stable.

Proof. From (6), (7)., (9) and (TI)), the n-level cascaded ESO observation error dynamic can be represented as
é, = Aje; + Bd,_,, (14)
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Z; -1 10 0

wheree; =x—2z;,,2;,=|z,|,A; =|—-l,+ N M 1|, B=]0|. The characteristic polynomial of A; can be expressed as follows
Zi3 -l 00 1

=5+ -M)s*+ (I, N - M) s+1;. (15)

If the desired bandwidth of the ith ESO is chosen as @;(a; > 0), which is the only tuning parameter to be adjusted and the
implementation process much simplified, compared to other observers. Then can also be expressed as

A;i(s) = (s+oz,-)3 =s3+3a,-s2+3ai2s+ai3, (16)

and /;;, I;, and /;; are determined as follows

Iy =M +3a;,
Iy =3a? +3aq;M + M*> + N, (17)
li3 = (I?.

Therefore, A; is Hurwitz for a; > 0 with eigenvalues 4;; = —a; < 0 (j = 1,2, 3) and the dynamic is stable. It can obtain
that%,

3 A
j—1

expt = Z W, [—.I ’] exp~ ', (18)

el AVAR L

where W, € R¥?. So
3 ,
At t/_l —a;t

[lexp ||Sj§1||u/j”|:m:| exp . (19)

Then, for every 6 > 0, such that p; = (a; — 6) > 0, there exists a constant P, that satisfies

3 .
-1 a .
||CXPA,-I‘|| < Z ||VVJ|| [m] exp it < P,.exP pit_ (20)
Jj=1 ’

Since ¢;_, = sup |d,_,|, the estimation error in lb satisfies
>0

i Pc.
lle;®)]] < Pexp™”¢~) [Ile(to)n TN ’g"%tzm- 1)
And
. P&,
lim fle;(0)] = : (22)

i

It means that the estimated state z;; converge exponentially to a bounded ball around the system state x;. In addition, it can be

seen that increasing the ESO bandwidth «; result in faster convergence rate and smaller ball radius of the estimation error. What’s

more, if d, is slow time-varying as d, = 0, then lim e,(t) = 0, the n-level model-assisted cascaded ESO is asymptotically stable.
=00

This completes the proof.

3.2 | Frequency-domain analysis of model-assisted cascaded ESO

The transfer function from the total disturbance to disturbance estimation error in the frequency domain is analyzed to obtain
the ability of the model-assisted cascaded ESO estimation of disturbance.
In the first ESO, the transfer function of the total disturbance d,, to the estimated value z,5 in (7) in the frequency domain is

as follows, ,

Z5(s a
15(9) 1 : (23)
Dy(s) 53 +3ays? +3a}s +a;
So the transfer function of the total disturbance d,, to the disturbance estimation error d, is as follows,
D(s)  Dy(s) — Zy3(s) 1— Z15(8)
Dy(s) Dy(s) B Dy(s)
5% + 3oy s + 3afs s X (5% +3a;s + 3a%) 24)

83+ 3ay5% + 3a7s + o e 3a;52 + 3ais + af'
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Based on (E[), the estimation error transfer function of 2-level cascaded ESO is

Dy(s) = Z15(5) = Z3(s) _ . Zi3(s) + Z5(s)
Dy(s) Dy(s)
s° + 3a; 52 + 3a%s 53 + 3ays% + 3a§s
= 5 X (25)

s+ 30,52 +3als + o) P+ 3ays? +3als + af
2 X (2 + 3a;s + 3a7) X (57 + 3ays + 3a3)

- (s3 +3a,s2 + 3a%s + af) X (83 + 3a,5% + 3a§s + ag)‘
So the estimation error transfer function of the n-level cascaded ESO is
B Z5(8)+ Zy () + ...+ Z,5(5)

Dy(s)
§"X (8% + 3a;s + 30(12) X ... X (82 + 3a,s + 30(5) (26)

1

B (3 + 352 + 3a12s + af) X .. X (83 + 3,5 + 3a2s + (xg)'

20

Magnitude (dB)
Magnitude (dB)

10" 10 10t 102 100 10 10" 10”100 102 100 10t
Frequency (rad/s) Frequency (rad/s)
(a) Bode diagram of single ESO (b) Bode diagram of n-level cascaded ESO

Figure 3 Bode diagram of single ESO and n-level cascaded ESO

Fig.[3[(a)-(b) show the Bode diagram of estimation error transfer function of single ESO and n-level cascaded ESO. In Fig.[3{a),
the bandwidths of ESOs are a; = 50, a; = 100, a; = 200, a; = 400 and a; = 800, respectively. In Fig. 3[b), n ranges from 1 to
5 and the bandwidths of n-level cascaded ESOs are a; = 50, a, = @, /2, a3 = a; /22, ay = a; /2%, a5 = a; /2%, respectively. As
can be seen from Fig.[3|a), with the increase of bandwidth, magnitude of transfer function decreases in the low frequency band.
Evidently, the larger bandwidth leads to the more rapid speed to estimate the disturbance. As can be seen from Fig. [B(b), with
the increase of n, the slope of the amplitude-frequency curve is larger in the low frequency band. The cascaded ESO can obtain
a smaller amplitude than the single ESO, and thus a faster disturbance estimation without increasing bandwidth. Therefore,
cascaded ESO is more accurately and quickly than single ESO of estimating disturbance without increasing bandwidth.

3.3 | Design of composite controller

In order to eliminate the residual disturbance d,, and reduce chatterings, a composite controller based on model-assisted cascaded
ESO and SMC is designed.

The speed error of the PMSM is defined as A = ®* — w, and the sliding mode surface is designed based on the disturbance
error of the n-level model-assisted cascaded ESO of (T3) as

S=A+c,A+d, Q27

where ¢; > 0.
With the feedforward of estimation disturbance and the state & from the model-assisted cascaded ESO designed above, the
controller is constructed. Then, the controller u p is obtained as
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u,=g," [ — M- No+cA-2,] —g ' cysgn(S) (28)
= gq—l [0 + cj@* = (M +¢;) @ — No — £, — ¢,58n(S)] ,
where
c,=€,+¢,+n,+k (29)

is the switching gain, €, = sup||d, ||, ¢, = sup ||d, ||, n, = (M +c,)sup ||e,x|| = (M + ¢;)sup || — z,5||, k > O.

>0 >0 >0 >0
The flowchart of the model-assisted cascaded ESO based SMC scheme for speed regulation is shown in Fig[d]

Input @ @
| Model-Assisted
sMc ”| Cascaded ESO

Feed forward
compensation

End

Figure 4 Flowchart of the model-assisted cascaded ESO based SMC scheme for speed regulation

Lemma 1. “¥ For the system x = g(x), x(0) = 0, if there is a Lyapunov function V' (x) satisfying V(x) < —aV?(x), where
a>0,0< p<1,then x = 0 is finite-time stable equilibrium of the system.

Theorem 2. For the PMSM system (5) with the proposed sliding-mode (27),, if the controller is designed as (28) and the switch-
ing gain satisfies (Z9) based on the proposed cascaded ESO above, then the output tracking error converges to a neighborhood of
the origin. What’s more, if the lumped disturbance d,, is slow time-varying, the closed loop system will asymptotically converge
to the reference speed.

Proof. Based on (27) and (28), the time derivative of the sliding mode surface S is
S=A+c,A+d,
=&" - Md - No - gu,—dy+c, (0" —a)+d, (30)
=—d,+d,— (M +c))e,, — c,5gn(S).
A Lyapunov function is considered as

l o
VvV ==5". 31
3 €1V}

The time derivative of V' is as follows,
V=SS
=-d,S+d,S—(M+c)e,S —cl|S||
< (|1 + 11d, |1 + (M + e)lle,al] = eI S|
< (g, + &+, —c)llS
= —k||S]]|

= 2KV,

(32
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It is concluded that the state can reach the sliding surface in finite time from Lemma 1. In addition, @I) also ensures that the
state will be limited to the surface .S = 0 at all times in the future.
According to the definition of .S in (27)), when the state reach the sliding surface,

A=—-cA-d,. (33)
It can obtain that d
A = pexp @' — =, (34)
G
where p is a constant. So .
[IA]] < |plexp™' + c—" (35)
1
€
As t approaches infinity, there is tlim [|A(f)|| = —. So the output tracking error converges to a neighborhood of the origin.
. e . ! .
What’s more, if d, is slow time-varying as d, = 0, then d,, = 0, so lim A = 0 and tlim A = 0 can be concluded. Thus, the closed
— 00 —00
loop system will asymptotically converge to the reference speed. This completes the proof. [

4 | SIMULATIONS AND EXPERIMENTS

In this section, to evaluate the performance of this method, the influence of parameters, simulations, introduction of experimen-
tal control platform with three-level neutral-point-clamped (NPC) inverter and experiments are performed, respectively. The
nominal specifications of the PMSM is shown in Table[T]

Table 1 The nominal specifications of the PMSM

Parameters Label Value
rated power P orea 730W
rated voltage V,ated 220V
rated current 1 ieq 3A
rated speed @y ated 2000rpm
rated torque Tyated 3.5N'm
pole pairs n, 4
inductance L, 4.85mH
stator resistance Ry 2.03Q
inertia constant J,o  0.00034Kg - m?
magnetic flux constant @, 0.13065Wb

4.1 | Influence of Parameters

The reference speed w* in simulations is set as 300rpm. PMSM starts with no load and the load torque is suddenly changed
from O to SN-m at t = 0.5s. The control variable method is applied in comparative simulations, and only one parameter will be
changed?. The bandwidths of n-level cascaded ESO are a; = 40, @, = @;/2, ..., @, = a;/2""" and n = 2, respectively. The
parameters of the are designed as follows: ¢; = 800000, ¢, = 200000. The parameters of PI controller in d-axis current are
k., =12.75 and k; = 5338.55. To evaluate the control results qualitatively, the performance specification including overshoot
(OS), settling time (ST), recovery time(RT), speed fluctuation(SF) at the phase of loading, root-mean-square error of g-axis
current(RQ) are utilized for validation.
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4.1.1 | Effect of n

FigEFa)—(b) are the comparison curves of speed and i, from n = 1 to n = 3, respectively. In the case of n = 1, it is the single-
loop composite controller of SMC and ESO (SLSMC+ESO).The performance indices are tabulated in Table 2] The larger n is,
the quicker settling time, smaller speed fluctuation and smaller i, chattering are. However, overshoot occurs at the startup in the
case of n = 3. There is no speed overshoot but some speed chatterings at the phase of power-on in the case of n = 1 and n = 2.
Because linear observer tends to produce overshoot output when the observed signal has a step change°, too much » can cause
overshoot easily. Therefore, in order to achieve good control performance, n = 2 is selected in the proposed algorithm.

W
(=3
(=]

[e]

302 —

400 +300 gy —n=2 26 e
= /0.0 0.1 — =1 —n-1
2300 uE] 24 —n=2
k=3 N =} n=3
S 200! | 300 ‘ 5
=3 | / 25
& 290 , &

100 280 Cro “teem———

0! L 0.5 0.502 ‘ . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time(s) Time(s)

(a) speed responses (b) i, responses

Figure 5 comparison curves of different n

Table 2 Performance indices in the simulation of different »n

Performance OS(rpm) ST(s) RT(s) SF@pm) RQ(A)

n=1 0 0.046 0.0035 22303  0.1263
=2 0 0.044 0.0032 20.754  0.1175
=3 2.26 0.043 0.0033 20.347  0.1163

4.1.2 | Effect of c,

Fig. @a)-(b) are the comparison curves of speed and i, from ¢; = 400000 to ¢; = 1000000, respectively. The performance

indices are tabulated in Table@ The smaller c, is, the quicker settling time and recovery time and smaller speed fluctuation are,
but too small ¢; causes chatterings and overcurrent in g-axis.

Remark 1. Choosing a suitable ¢, can balance fast dynamic performance and g-axis current constraint.

4.1.3 | Effect of c,

Fig.a)—(b) are the comparison curves of speed and i, from ¢, = 300000 to ¢, = 100000, respectively. The performance indices

are tabulated in Table[d] The larger c, is, the quicker settling time and recovery time and smaller speed fluctuation are, but the
i, chattering increased.
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4.2 | Simulations
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Figure 6 comparison curves of different c,

Table 3 Performance indices in the simulation of different ¢,

Performance ST(s) RT(s) SF@pm) RQ(A)
¢, =400000 0.022 0.0012 19.785  0.3126
¢, = 600000 0.036 0.0021  20.071 0.1137
c; = 800000 0.044 0.0032 20.754  0.1175
¢, = 1000000 0.047 0.0043 22712  0.1230
500 8
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Figure 7 comparison curves of different c,

Table 4 Performance indices in the simulation of different c,

Performance ST(s) RT(s) SF@pm) RQ(A)
¢, = 100000 0.045 0.0037 22597  0.1068
¢, =200000 0.044 0.0032 20.754  0.1175
¢, = 300000 0.038 0.0025 20.519  0.1211

There are four groups of simulations. The first one is acceleration after the PMSM is powered on, the second one is sudden
loading and the last is internal parameter perturbations, respectively. It can be verified that the proposed method has good
robust while maintaining good dynamic and static performance. The proposed method controller is compared with conventional
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double-loop SMC controller (DLSMC) and SLSMC+ESO. The DLSMC can be expressed as
o 2 e o .
0= 30 @ S HCD + s — o) — o)L (36)
To guarantee relatively fair, the control parameters of controllers are chosen to be relatively optimal after many repeated
tests such that take into account dynamic and static performance such as overshoot, settling time, recovery time, robust, current
constraint and so on. The control parameters of the simulations are presented in Table 5] The parameters of PI in current loop
in surface-mounted PMSM can be designed as k., = aL and k,; = aR;, where a = 2z /7 is the bandwidth of current loop
bandwidth and 7 = L/R, is the time constant of the PMSM®23. Therefore, the parameters of PI controller in d-axis current,

coordinated by these three comparison methods, are k., = 12.75 and k; = 5338.55.

Table 5 Control parameters in simulations

Control algorithm Parameter and Value
DLSMC A =800, n = 60000000
SLSMC+ESO ¢, = 200000, ¢, = 40000, &; = 100

the proposed method ¢; = 200000, ¢, = 40000, ; = 100, @, = 10

4.2.1 | phase of acceleration

The process of simulation is the reference speed is 300rpm at startup and 1000r pm after 0.2s. The comparison speed and i, curves
under different controllers when acceleration are shown in Fig[8] To evaluate the control results qualitatively, the performance
specification including settling time(ST), root-mean-square steady-state error of g-axis current(RSQ) are utilized for validation.
The performance indices are tabulated in Table [6]

1500 4
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Figure 8 comparison curves at the phase of acceleration under DLSMC, SLSMC+ESO and the proposed method

Table 6 Performance indices in the acceleration simulation of different controllers

Performance ST(s) RSQ(A)

DLSMC 0.106  0.0985
SLSMC+ESO 0.083  0.0247
the proposed method 0.071  0.0234
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As shown in Fig[8|and Table[6] the PMSM can reach the reference speed faster under the proposed method than SLSMC+ESO
and DLSMC. What’s more, the chatterings of i, under the proposed method are smaller than that of SLSMC+ESO and DLSMC.
Therefore, the proposed method has the advantages of fast dynamic performance and small chatterings.

4.2.2 | phase of a sudden load torque disturbance

The process of simulation is adding a sudden load torque of SN-m when PMSM is running at the speed of 800rpm. The com-
parison curves under different controllers are shown in Fig[9] To evaluate the control results qualitatively, the performance
specification including recovery time(RT), speed fluctuation(SF) when loading, root-mean-square steady-state error of g-axis
current(RSQ) are utilized for validation. The performance indices are tabulated in Table[7}
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] e ——— R N
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2780 = 6.4
2. SR | —
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the proposed method
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0 0.2 0.4 0.6 0 0.2 0.4 0.6
Time(s) Time(s)
(a) speed responses (b) i, responses

Figure 9 comparison curves at the phase of sudden loading under DLSMC, SLSMC+ESO and the proposed method

Table 7 Performance indices in the loading simulation of different controllers

Performance RT(s) SF@pm) RSQ(A)

DLSMC 0.0942  42.098 0.0945
SLSMC+ESO 0.0387  31.136 0.0268
the proposed method 0.0330  27.853 0.0221

As shown in Fig. 0]and Table [7] when loading, there is smaller speed fluctuation and less recovery time under the proposed
method than SLSMC+ESO and DLSMC. Similarly, the chatterings of i, under the proposed method are smaller than those of
SLSMC+ESO and DLSMC. Therefore, the proposed method has the advantages of good robust and small chatterings.

4.2.3 | phase of parameter perturbations

The simulation process is that the stator resistance R, or stator inductance L have parameter perturbations during the operation
of the PMSM.

The actual R, parameter is randomly changed +50% on the basis of its nominal value at 2000rpm. The comparison curves
under different controllers are shown in Fig[I0} To evaluate the control results qualitatively, the performance specification in-
cluding root-mean-square steady-state error of speed(RSS) and root-mean-square steady-state error of g-axis current (RSQ) are
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Figure 10 comparison curves at the phase of R, perturbations under DLSMC, SLSMC+ESO and the proposed method

Table 8 Performance indices in the R, perturbations simulation of different controllers

Performance RSS(rpm) RSQ(A)

DLSMC 1.7511 0.0935
SLSMC+ESO 0.0725 0.0137
the proposed method 0.0537 0.0135

utilized for validation. The performance indices are tabulated in Table[8] As shown in Fig[T0]and Table[8] there is smaller root-
mean-square steady-state error of speed and g-axis current under the proposed method than SLSMC+ESO and DLSMC with
R, perturbations. Therefore, the proposed method has the advantages of good robust and small chatterings.

The actual L parameter is randomly changed +25% on the basis of its nominal value at 2000rpm. The comparison curves under
different controllers are shown in Fig[TT] To evaluate the control results qualitatively, the performance specification including
RSS and RSQ are utilized for validation. The performance indices are tabulated in Table[0} As shown in Fig[IT]and Table[9],
there is smaller chatterings, root-mean-square steady-state error of speed and g-axis current under the proposed method than

SLSMC+ESO and DLSMC with L perturbations. Therefore, the proposed method has the advantages of good robust and small
chatterings.
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Figure 11 comparison curves at the phase of L perturbations under DLSMC, SLSMC+ESO and the proposed method
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Table 9 Performance indices in the L perturbations simulation of different controllers

Performance RSS(rpm) RSQ(A)

DLSMC 1.0034 0.0862
SLSMC+ESO 0.0822 0.0136
the proposed method 0.0617 0.0135

4.3 | The experimental control platform with three-level NPC inverter

The experimental control platform is built to drive a 730W PMSM. The DC bus voltage is 220V. The controller adopts
TMS320F28335 and the PMSM is driven by a three-level NPC inverter. To test the load disturbance of the proposed method un-
der different conditions, the external load is given by another PMSM with the same power. The experimental platform is shown

in Fig[T2]

| Oscilloscope |

Figure 12 Photo of the experimental platform

Three-level NPC inverter has the advantages of low output current harmonic content, low voltage of a single switching device,
and the output PWM waveform is closer to sine wave than the conventional two-level NPC inverter, suitable for high voltage
and high power industrial control field. In the application of PMSM drive system, the use of three-level NPC inverter can have
better power quality than the conventional two-level NPC inverter®. The topology of three-level NPC inverter in this paper is
shown in Fig.[13]
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Figure 13 Three-level NPC topology

Compared with the two-level NPC inverter structure, the three-level NPC topology has four IGBTs in a single bridge arm,
and its control method is relatively complex. As shown in Fig.[T4] the three-level NPC inverter has 27 voltage vectors. There
are 8 redundant voltage vectors and 18 non-redundant voltage vectors. There are three zero vectors of three-level NPC inverter,
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namely PPP, NNN and OOO, and twelve small vectors, namely POO, ONN, PPO, OON, OPO, NON, OPP, NOO, OOP, NNO,
POP, ONO, and 6 medium vectors, namely PON, OPN, NPO, NOP, ONP and PNO, and six large vectors, namely PNN, PPN,
NPN, NPP, NNP and PNP.

NPN OPN PPN

PON

PNN
a

PNO

NNP ONP PNP

Figure 14 Voltage vectors of three-level NPC inverter

4.4 | Experiments

There are four groups of experiments. The first one is acceleration, the second one deceleration, the third one is sudden loading
and the last one is parameter perturbations, respectively. The experimental results show that the controller has fast dynamic
performance, small chatterings and good robustness.

To guarantee relatively fair, the control parameters of controllers are chosen to be relatively optimal after many repeated
tests such that take into account dynamic and static performance such as overshoot, settling time, recovery time, robust, current
constraint and so on. The control parameters of the experiments are presented in Table The parameters of PI controller in
d-axis current, coordinated by these three comparison methods, are k., = 0.1 and k,; = 0.6.

Table 10 Control parameters in experiments

Control algorithm Parameter and Value
DLSMC A =200, n = 1000000
SLSMC+ESO ¢, = 400000, ¢, = 30000, a; =90

the proposed method ¢, = 400000, ¢, = 30000, &; = 90, @, = 10

4.4.1 | Phase of acceleration

There are two experiments of acceleration. The speed of the first one is 200rpm to 800rpm, the second one is 1500rpm to
2000rpm. Fig.@a)—(c) and Fig. ma)—(c) are speed, i, and i, response curves under different controllers of two experiments.
Corresponding speed regulation performance indices, including ST, root-mean-square steady-state error of speed(RSS), root-
mean-square steady-state error of g-axis current(RSQ) and root-mean-square steady-state error of d-axis current(RSD) are
utilized and shown in Table[[T]and Table[I2] It can be seen that there is no overshoot under the present method and SLSMC+ESO
method, but there is obvious overshoot under the DLSMC method. Moreover, the proposed method has a faster tracking per-
formance than SLSMC+ESO and DLSMC. What’s more, the chatterings of speed, i, and i, under the control of the proposed
method are smaller than those of SLSMC+ESO and DLSMC.
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Figure 15 Performance comparisons of acceleration under the prop sed method, SLSMC+ESO and DLSMC(200rpm-800rpm)

Table 11 Performance indices in the acceleration experiment(200rpm-800rpm) of different controllers

Performance OT(@pm) ST(@ms) RSS(rpm) RSQ(A) RSD(A)

DLSMC 80 150 33.04 0.54 0.13
SLSMC+ESO 0 130 24.38 0.34 0.12
the proposed method 0 75 22.26 0.33 0.11
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Figure 16 Performance comparisons of acceleration under the proposed method, SLSMC+ESO and DLSMC(1500rpm-
2000rpm)

Table 12 Performance indices in the acceleration experiment(1500rpm-2000rpm) of different controllers

Performance OT(@pm) ST@ms) RSS(rpm) RSQ(A) RSD(A)

DLSMC 40 120 34.81 0.4075 0.14
SLSMC+ESO 0 100 28.54 0.35 0.13
the proposed method 0 60 26.37 0.34 0.12

4.4.2 | Phase of deceleration

There are two experiments of deceleration. The speed of the first one is 800rpm to 200rpm, the second one is 2000rpm to
1500rpm. Fig.a)—(c) and Fig. |T_gFa)-(c) are speed, i, and i, response curves under different controllers of two experiments.
Corresponding speed regulation performance indices, including OT, ST, RSS, RSQ and RSD are utilized and shown in Table
[[3]and Table[T4] It can be seen that there is no excess speed overshoot under the proposed method compared to SLSMC+ESO
and both the speed overshoot are smaller than that under DLSMC. What’s more, the proposed method has a faster tracking
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performance than SLSMC+ESO and DLSMC. Moreover, the chatterings of speed, i, and i, under the control of the proposed
method are smaller than that of SLSMC+ESO and DLSMC.
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Figure 17 Performance comparisons of deceleration under the proposed method, SLSMC+ESO and DLSMC(800rpm-200rpm)

Table 13 Performance indices in the deceleration experiment(800rpm-200rpm) of different controllers

Performance OT(rpm) ST@ms) RSS(rpm) RSQ(A) RSD(A)

DLSMC 100 100 29.15 0.40 0.12
SLSMC+ESO 25 65 23.77 0.23 0.11
the proposed method 25 40 21.34 0.20 0.11
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Figure 18 Performance comparisons of deceleration under the proposed method, SLSMC+ESO and DLSMC(2000rpm-
1500rpm)

4.4.3 | phase of a sudden load torque disturbance

The process of simulations are adding a sudden load torque 7; = 1.2N - m disturbance when PMSM is running at the speed of
800rpm, 1600rpm and 2000rpm, respectively. Fig.@a)—(c), Fig.@a)—(c) and Fig.@a)-(c) are speed, i, i, response curves
under different controllers of speed 800rpm, 1600rpm and 2000r pm, respectively. Corresponding speed regulation performance
indices, including RT, SF, RSS, RSQ and RSD are utilized and shown in Table[T3] Table [I6and Table [I7} It can be seen that
there are smaller speed fluctuations and less recovery time under the proposed method than SLSMC+ESO and DLSMC when
loading. Similarly, the chatterings of i, and i, under the proposed method are smaller than those of SLSMC+ESO and DLSMC.
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Table 14 Performance indices in the deceleration experiment(2000rpm-1500rpm) of different controllers

Performance OT(rpm) ST@ms) RSS(rpm) RSQ(A) RSD(A)

DLSMC 100 120 32.5210 0.3379 0.1232
SLSMC+ESO 20 80 29.20 0.32 0.11
the proposed method 20 50 28.15 0.31 0.11
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Figure 19 Performance comparisons of a sudden load torque disturbance at the speed of 800rpm under the proposed method,

SLSMC+ESO and DLSMC

Table 15 Performance indices in the loading experiment of 800rpm of different controllers

Performance RT(ms) SF(@pm) RSS@rpm) RSQ(A) RSD(A)

DLSMC 85 180 37.21 0.72 0.20
SLSMC+ESO 80 155 29.00 0.18 0.17
the proposed method 56 105 27.70 0.13 0.15

Table 16 Performance indices in the loading experiment of 1600rpm of different controllers

Performance RT(@ms) SF(@pm) RSS(rpm) RSQ(A) RSD(A)

DLSMC 90 190 52.12 0.72 0.20
SLSMC+ESO 90 175 32.99 0.14 0.13
the proposed method 40 120 32.97 0.12 0.12

Table 17 Performance indices in the loading experiment of 2000r pm of different controllers

Performance RT(@ms) SF(@pm) RSS(rpm) RSQ(A) RSD(A)

DLSMC 100 240 33.81 0.69 0.13
SLSMC+ESO 90 180 28.35 0.13 0.12
the proposed method 50 130 26.66 0.12 0.11
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Figure 20 Performance comparisons of a sudden load torque disturbance at the speed of 1600rpm under the proposed method,
SLSMC+ESO and DLSMC
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Figure 21 Performance comparisons of a sudden load torque disturbance at the speed of 2000r pm under the proposed method,
SLSMC+ESO and DLSMC

4.4.4 | phase of parameter perturbations

The stator resistance may increase due to the PMSM running temperature increaseZ. The stator resistance R, is changed by
connecting the resistance 1Q at the three-phase connection. The inductance parameter L can be changed by altering the value
of the inductance parameter at the code composer studio (CCS) running interface. In the experiments, after long operation
of PMSM, there is perturbation in the parameters such as inertia constant J,,, magnetic flux constant ® and viscous friction
coefficient B(let the nominal viscous friction coefficient B, = 0).

The inductance of the stator is increased by 1Q. Fig. @a)—(c) are speed, i, and i, response curves under different controllers
when the reference speed is 1000rmp. Corresponding speed regulation performance indices, including RSS, RSQ and RSD are
utilized and shown in Tablel];gl It can be seen that the chatterings of speed, i, and i, under the control of the proposed method
are smaller than those of SLSMC+ESO and DLSMC.
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Figure 22 Performance comparisons of R perturbations under the proposed method, SLSMC+ESO and DLSMC
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Table 18 Performance indices in the R, perturbations experiment of different controllers

Performance RSS(rpm) RSQ(A) RSD(A)

DLSMC 30.1654 0.3332 0.1228
SLSMC+ESO 28.4674 0.3228 0.1199
the proposed method ~ 25.3857 0.3122 0.1178

The parameter L in the algorithmis L = 1.25L,,. Fig.|2__§ka)—(c) are speed, i, and i, response curves under different controllers
when the reference speed is 1000rmp. Corresponding speed regulation performance indices, including RSS, RSQ and RSD are
utilized and shown in Table@ It can be seen that the chatterings of speed, i, and i, under the control of the proposed method
are smaller than those of SLSMC+ESO and DLSMC.
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Figure 23 Performance comparisons of L perturbations under the proposed method, SLSMC+ESO and DLSMC

Table 19 Performance indices in the L perturbations experiment of different controllers

Performance RSS(rpm) RSQ(A) RSD(A)

DLSMC 35.1579 0.3172 0.1219
SLSMC+ESO 29.2841 0.3079 0.1215
the proposed method ~ 23.5072 0.3039 0.1154

S | CONCLUSIONS

In this paper, a novel speed-current single-loop controller based on model-assisted cascaded extended state observer (ESO) and
sliding mode control (SMC) for the PMSM has been proposed. A model-assisted cascaded ESO based on model information
is designed to estimate matched disturbance and unmatched disturbance for the second-order model of single-loop control of
PMSM. This innovative approach not only allows for quick and accurate estimation of lump disturbance without increasing
bandwidth, but also reduces the burden of ESO with model-assisted information. The controller has simple control structure,
fast dynamic performance, small chatterings and good robustness. The simulation and experimental results on the PMSM have
verified the effectiveness and robustness of the controller.
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