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ABSTRACT. In this paper, the coordination control model of surface permanent magnet
synchronous motor (SPMSM) position drive system is systematically established based
on the principle of signal and energy. The signal controllers are designed by proportional
integral (PI) control and radial basis function neural network (RBFNN) direct model ref-
erence adaptive control (MRAC), which guarantee the fast position tracking control. The
energy controllers are developed with port-controlled Hamiltonian (PCH) system, which
achieve the real-time optimization control of input energy and output energy. The coor-
dination control strategy is proposed based on the compound control of signal and energy.
To illustrate the performance of the proposed controllers, simulations are implemented
based on the designed scheme.

Keywords: Surface permanent magnet synchronous motor, RBFNN direct MRAC,
State error PCH, Position control

1. Introduction. Surface permanent magnet synchronous motors (SPMSMs) are widely
used in high-precision servo systems. Among the various control methods, the control
objective of SPMSM system based on signal control is to quickly eliminate the system
error [1]. Furthermore, the control objective of SPMSM system based on energy control
is to minimize loss energy and optimize the input energy and output energy [2].

The signal control possesses the advantages of rapid adjustment ability and fine dynamic
response. Moreover, the neural network (NN) control is independent on the mathematical
model [3]. In this paper, proportional integral (PI) control and radial basis function
neural network (RBFNN) direct model reference adaptive control (MRAC) are studied to
design the signal controllers [4]. By online adjusting the weight of RBFNN, the proposed
controllers ensure strong robustness in the system. As the inertia link exists in the SPMSM
system, a new error function is proposed to improve the control performance. In recent
years, many research results of port-controlled Hamiltonian (PCH) system have been
obtained since it has certain superiorities [5,6]. The state error PCH controllers of SPMSM
are established as the energy controllers.

According to the above analysis, the coordination control strategy based on the com-
pound control of signal and energy is presented to realize the position tracking control.
Both signal controllers and energy controllers are adopted during the whole control pro-
cess. The simulation results show that the system has rapid dynamic and steady state re-
sponse, which demonstrate the feasibility and superiority of the proposed control method.

The remainder of the paper is organized as follows. The model of SPMSM drive system
is described in Section 2. Then the position control principle is introduced in Section
3. And the controllers are developed in Section 4. The simulation results are given in
Section 5. Finally, some conclusions are presented.
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2. Modeling of SPMSM Drive System. The mathematical model of SPMSM drive
can be described by the following equations [6]

deid/dt = —Rsid + nprqiq + Uq
Lydiq/dt = —Rgiq — npwLqiq — npw® + uq

Jdw/dt =7 — 1, = n, [(La — Lq) taiq + Pig) — 71, (1)
dé/dt = w
T =np [(La — Lq) iaiq + Pig] (2)

where Ry is the stator resistance, and @ is the rotor flux linking the stator, respectively.
The J is the moment of inertia, and n, is the number of pole pairs, respectively. The w
and @ are mechanical angular speed and position of rotor, respectively. The 7 and 7, are
electromagnetic and load torque, respectively.

3. Position Control Principle of SPMSM. The control objective of the SPMSM
drive system is the tracking of the 8 to the desired position #y. To use the advantages of
the signal control and energy control, the control scheme is presented in Figure 1. In Figure
1, the subscripts s and e represent the signal control and energy control, respectively. The
RBFNN direct MRAC control and PI control are presented to get the uyq and uy, in the
signal controllers. The ueq and ueq are obtained by the state error PCH control and ¢} = 0
vector control with the known load torque in the energy controllers.
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Ficure 1. Block diagram of SPMSM drive system with signal and energy

4. Controllers Design of SPMSM System.

4.1. Design of signal controllers. The fast position tracking control is achieved based
on the signal control. Signal controllers are composed of position controller, speed con-
troller, d-axes current controller and g-axes current controller.

(1) Position controller design. Assuming 6, 6, w, isq and is, are measurable signals.
Let 6, be the output of reference model. Equation (1) can be written into a;0 + a¢f = w,
where a; = 1 and ay = 0. Thus, the reference model can be chosen as b16, + b8, = 6 [7].
Consequently, the pulse transfer function can be gotten as Gs(z) = %m, where
0:(t) = (1/by)e /%10y can be obtained and 7 is sampling time.

As the inertia link exists in the SPMSM system, thus the error function is chosen as

. .72
Eg = e2/2 = [(Hr —0)+ kd(6, — 9)} / 2 and kd is variable differential coefficient [§].
Figure 2 shows the structure of the proposed controller.

The input vector of RBFNN controller is expressed as X = [ #1 -+ 2, |. And h;
is the Gaussian function. The weight matrix is W = [ w; ws -+ w; --- wy, |. The
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F1cUre 2. Simplified diagram of RBFNN direct MRAC controller

output of RBFNN can be written as w*(k) = hyw; + - - - + hjw; + - - - hy,wy,. The control
target is that the error function Fy = %eg converges to zero by adjusting the weight. The
control algorithm can be described as

Aw;(k) = —ndE,(k)/0w; = nes(k)(00/0w* + kddf/dw*)h; )
wi(k) = wj(k — 1) + Aw;(k) + aAw,;(k)
where 7 is the learning rate and « is the momentum factor. In the SPMSM system, the

exact value of (89 JOw* + kddb/ &u*) cannot be gotten as the motor model is inaccurate.

Thus, sgn (89/8w* + kd@@/@w*) can be chosen to replace (80/8w* + kd@é/@w*).

(2) Speed controller design. The speed controller is designed according to PI control

t
ity = Kpi(w' —w) + Ky / (W' —w)dt (4)
0

where K,,; is proportion coefficient and Kj; is integral coefficient, respectively.
(3) Current controllers design. The d-axes current controller is studied based on
77 = 0 and PI control, and PI control is proposed for g-axes current controller.

{ U:d = Kp2 (Zd Zd + Klg fO Zd id)dt (5>
uly = Kps (18, — iq) + Ki fo (iZg —dq)dt

where K2 is proportion coefficient and Kj, is integral coefficient of d-axes current con-
troller, respectively, K3 is proportion coefficient and Kjs is integral coefficient of g-axes
current controller, respectively.

(4) Stability analys1s of SPMSM system. Define the Lyapunov function as V( )=

(6, — 0) + kd(6, — )] )]?/2. The variation of Vi(k) is AV,(k) = [Aes(k) + 2e5(k) Aes (k)] /2,

and the variation of es(k) is Aes(k) = es(k+1) — es(k) = AW (k)[Oes(k /8W (k)]T.
According to the RBFNN control algorithm
OFE, Oes (k) . Ow*
W) = g = ~es (g s = es(K)msen (0600 + kddb f0") o (0

Let A = Oey(k)/OW (k) and Aey(k) = —nAATe (k). Substituting Aeg(k) into AVy(k)
can get

AVi(k) = —e2(k) (AAT) [2 — * (AAT)] /2 (7)

When 0 < n < 2 (AAT)_I, AVy(k) is negative definite. The V;(k) is positive definite.
Applying Lyapunov stability theorem, the system is stable.

4.2. Design of energy controllers. The optimization control of input energy and out-
put energy is achieved via the state error PCH control.

According to Equations (1) and (2), the state vector, input vector and output vector
of the SPMSM drive system are defined as follows

x=[x1 T2 x3 T4 |T =[ Lgtea Lgieq Jw 6]F
Ue = [ Ued  Ueq ]T7 ie = [ led ieq ]T

(8)
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H(x) is the Hamiltonian function which equals the total stored energy of the system, that
is

H(x) = [2]/La+ 23 /Lq + 23/ J] /2 + 124 9)
The models of PCH system with dissipation can be described as follows
z = [J(z) — R(x)|0H (x)/0x + g(x)u. (10)
The damping matrix R(z) = R (x) > 0 represents the dissipation. The interconnection
structure is captured in matrix g(x) and skew-symmetric J(x) = —J 7 (x). Equation (1)
can then be rewritten in the PCH system form (10) with
( 0 0 NpT2 0
B 0 0 —ny(z1+®) 0
J(x) = —npTy np(z1 + P) 0 -1
0 0 1 0
(11)
10 R, 0 00
0 1 0 Rs 00
g(m) 1o o | R(CL‘) - 0O 0 0 0
\ 00 0 0 00
Considering the PCH system (10), given H(x), J(x), R(x) and g(x), let 2y be a desired

equilibrium and define & = & — x( as the state error. Assign a closed-loop system desired
energy function Hyq(&) > 0 and Hq(0) = 0.

If Jy(z) = J(&) + J, = —Ji(z) and Ry(z) = R(z) + R, = RI(Z) > 0 can be
satisfied, feedback control u = a(x) can be found to satisfy

g(@)alz) = - [J(@) - R@)] [0 (@) /00 — 0Hy(@)/08) - R@OH@)/0slosy
— J(xo) [0H () /0x — aH )/ 0% ssy| + [Jo — RaJOH4(T) /0% + g(x0)uo

The closed-loop PCH system (10) can be redescribed in the following form
2 = [Ju(®) — Ra(@)] 0Ha(®) /0 (13)

The closed-loop system (13) will be asymptotically stable at the origin & = 0 [9].
(1) Determination of equilibrium point for system. When the load torque is
known, 71, = 11,9 can be obtained from Equation (1). Thus, from Equation (2)

L 14
The desired equilibrium state is selected as follows

To=[ T T T30 Ta0 | =[ Latedo Lqgleqp Jwo 6o | = [ 0 LqTLQ/TLp(I) Jwy 0y ] (15)
At the equilibrium xg, Lqdieq / dt = 0 and Lydieq / dt = 0 are gotten. From Equation (1)

Uey = Uedo _ RsiedO - anqierwO (16)
0 — = . .
Ueq0 Rszer + andZedOwO + npq)wo

(2) Design of controller with the known load torque. The desired Hamiltonian
function of the system is designed by

Hy(T) _[ /Ld+i‘g/L +x3/J+px4}/2 (17)
J. (z) and R, can be taken as follows

0 k‘() —npii‘g —Ldfg r 0 0 O

. —ko 0 npa?l Lqi'l . 0 r 0 0
L@ = s om0 0 |0 BTl00 0 18)

Lazy Ly 0 0 00 0 O
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where kg, r and ry, are interconnection and damping parameters to be designed, respec-
tively. Substituting Equations (11), (14), (16)-(18) into (12), controllers of the system
can be gotten as

Ued = RsiedO - T(ied - ied()) + kO(ieq - 'L.er) - pLqu(ieq - ier)(Q - 00) - anqieqwe (19)
Ueq = Rsier - kO(Z'ed - Z'edO) - T(ieq - Z'er) + pLqu(ied - iedO)(g - 90) + andiedwe + npq)we() (20)

Thus, the matching equation 7 — 71, = —ry (24 — 240)/J — p(x3 — 30) shows that the
mechanical subsystem is stable [9].

4.3. Design of coordination control strategy. In this paper, the coefficients in the
index function form are designed to realize the smooth transition. Define cy(t) € [0, 1]
and ceq(t) € [0, 1] as the coefficient function of d-axis signal controller and d-axis energy
controller, respectively. Set cs(t) € [0,1] and ceq(t) € [0,1] as the coefficient function
of g-axis signal controller and g-axis energy controller, respectively. Coefficient functions
can be expressed as

{ coa(t)= e { Csq(t)= e H (21)

Ced(t)=1—e7F > Coq(t)=1— e
where k is taken from the actual situation. Then the coordination control strategy is

{ Uq = Csd(t) - Usd T Ced<t> + Ued (22>
Ug = Coq(t) * Usq F Ceq(t) + Ueq

5. Simulation Results. The simulations are performed to evaluate the performance of
closed-loop system by using MATLAB/Simulink. The motor parameters are as follows.
Ry = 2.875Q, Lqy = Ly = 8.5mH, ® = 0.175Wb, J = 0.02kg - m?, n, = 4. At ¢t = Os, the
rotor given position is 6y = 45rad, and the simulation time is 2.0s. The given load torque
Tro changes from 3N -m to 6N - m at ¢t = 1.4s.

Figure 3 is the position response curve based on the signal and energy control with
k=5, k=10 and k = 40. It can be seen that the system can achieve the precise position
control. Figure 4 represents the speed response curves with £ = 5, £k = 10 and k& = 40.
Figure 5 and Figure 6 represent the stator current response and the electromagnetic torque
response curve with £ = 5, respectively. The value of electromagnetic torque and stator
current change rapidly during the starting stage of motor. In order to prevent the position
overshoot, speed decreases rapidly when the position signal reaches the reference value.
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FI1GURE 3. Position curve FIGURE 4. Speed curve
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6. Conclusions. In this paper, the compound control based on signal and energy is pro-
posed for the SPMSM drive system. Signal controllers are designed based on the RBFNN
direct MRAC control and PI control. The state error PCH controllers are employed as
the energy controllers. SPMSM drive system realizes the position tracking control, fast
dynamic and steady state response through the signal control. Furthermore, the real-
time optimization control of input energy and output energy is achieved by the energy
control in the SPMSM system. By reducing the total input energy and improving the
output energy, the system has minimum total energy loss. The system simulation results
demonstrate the advantages of the designed coordination control strategy, which show
that the controllers based on the coordination control strategy improve the dynamic and
steady state performances. In the future work, the presented scheme will be realized by
DSP2812.
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