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Current-constraint speed regulation for PMSM based on port-controlled

Hamiltonian realization and deep deterministic policy gradient

Min Wang', Yanhong Liu', Qi Wang'-?, and Patrick Wheeler”

Abstract To ensure overcurrent protection, fast dynamic performance and
good robustness, a novel speed regulation controller is proposed. The in-
terconnection and damping assignment passivity-based control (IDA-PBC)
of Port-controlled Hamiltonian (PCH) systems has the advantages of sim-
ple structure and explicit physical meaning. On account of fast dynamic
performance and g-axis current-constraint are contradictory, this paper
presents a current-constraint speed regulation method for the permanent
magnet synchronous motor (PMSM) based on port-controlled Hamiltonian
(PCH) realization and deep deterministic policy gradient (DDPG) to bal-
ance them. First, a modified IDA-PBC controller with integral action (IA)
is constructed, which can regulate the speed and the current of the PMSM
simultaneously, and be more suitable for practical applications due to the
addition of IA. For both current-constraint and fast dynamic performance,
the reinforcement learning of DDPG is utilized to find the optimal param-
eters of the controller. Finally, experiments are carried out to verify the
effectiveness and robustness of the method.

Keywords: current-constraint speed regulation, IDA-PBC with integral
action, port-controlled Hamiltonian realization, deep deterministic policy
gradient

Classification: Power devices and circuits

1. Introduction

Due to its advantages of high efficiency and high power
density [1, 2, 3], PMSMs have been widely used in indus-
trial applications. The PI controller is usually adopted in
the speed and current regulation of PMSMs [4]; however, it
cannot work well in a large operating region because the con-
troller parameters are generally tuned based on an identified
operating condition. With the improvement of processor,
intelligent and nonlinear control methods have been grad-
ually introduced, such as fuzzy control [5], neural network
control [6], sliding mode control [7] and model predictive
control (MPC) [8], have been gradually introduced.

The theory of PCH [9] and the corresponding interconnec-
tion and damping assignment passivity-based control (IDA-
PBC) [10] have been widely used in industrial applications
and process control [11, 12, 13, 14]. For PMSM expressed in
Hamiltonian realization, control approaches have been car-
ried out by the IDA-PBC method [15, 16, 17]. The energy
characteristics and dissipation structure of the Hamiltonian
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system can be used to complete the controller design and
stability analysis. It has the advantages of simple struc-
ture and explicit physical meaning. However, fast dynamic
performance and g-axis current constraint are contradictory
[18, 19]. On one hand, fast dynamic performance requires
large transient g-axis current to provide a high torque. On
the other hand, if conservative constant control parameters
are selected for current constraint, dynamic performance
will suffer a certain degree of loss. However, maintaining
fast dynamic performance under g-axis current constraint
is seldom considered in existing PCH-based PMSM control
methods.

To enhance the performance of the system, integral ac-
tion (IA) is always used in the controllers to eliminate static
differences, unmatched disturbance and other phenomena
ignored by the model assumptions in industrial applications
[20, 21]. In [22], the integral action of the IDA-PBC method
was added in PCH system (IAPCH) by coordinate transfor-
mation and increasing dimensions, and then, a speed regu-
lation controller was designed for the PMSM. However, the
damping assignment matrix was not considered in the con-
troller which cannot regulate or even constrain the g-axis
current. Moreover, it has not been tested experimentally.

To constrain the current, a PCH with IA controller is
designed which can regulate speed and current of PMSM
simultaneously and then look for the optimal parameters
for both current constraint and fast dynamic performance.
Reinforcement learning is a kind of goal-oriented learning
method, which aims to find the optimal strategy in time.
Lillicrap et al. proposed a deep deterministic policy gradient
(DDPG) algorithm [23] based on the framework of the actor-
critic method [24]. DDPG has the advantages of taking the
high-dimensional state space as the input as deep Q-network
(DQN) [25] and solving the high-dimensional continuous
action space as deterministic policy gradient (DPG) [26]
and has been applied to find optimal parameters [27, 28,
29]. PMSM is a practical application system, and the input
and control are continuous, so DDPG is appropriate for
application to the PMSM system.

In this paper, we propose a current-constraint speed reg-
ulation method based on PCH and DDPG for PMSM. First,
the PCH realization of PMSM is present. Second, a speed
regulation method which can regulate current based on PCH
with IA is proposed. Afterwards, using DDPG to find the
optimal parameters, the current-constraint speed regulation
controller is obtained. What’s more, the closed-loop stabil-
ity is proved. The experimental results are given finally.
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The main contributions and novelties of this paper are as
follows:

1) This paper presents a PCH-based controller with an
integral term that can regulate the speed and the current of
the PMSM simultaneously. The additional integral term can
increase robustness and guarantee the asymptotic stability
of the closed loop system.

2) The DDPG algorithm is utilized to balance g-axis cur-
rent constraint and fast dynamic performance of the PMSM
by seeking the optimal parameters of the PCH-based con-
troller.

3) The proposed controller shows current constraint, good
dynamic performance and good robustness against load
torque uncertainty. It is verified in experimental results.

2. Hamiltonian realization of PMSM

In this section, we first give the dynamic model of the PMSM
and then transform it to its equivalent port-Hamiltonian for-
mulation. The mathematical model of PMSM consists of
the electrical dynamics and mechanical dynamic can be de-
scribed as follows [1, 2, 3]:

dig . .
LdW = —Rsiqg + npwLyiy + ug,
diy . : 1
qu = —Rsig —npwLgiq — npw® +ug, (1)
dw
Jn— =7 -1 — Bow,
m dt L

where Ly, Ly, ig, iy, uq and u, are d-q axis stator induc-
tances, current, and 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 linkage, J,,,

is the inertia, 7 = %n,, [(Ld = Lg)igiq + (I)iq] is the electro-
magnetic torque, 77, is the load torque and B is the viscous
friction coefficient. The constraint of the current on the
g-axis satisfies |iy| < ¢, where ¢ > 0.

The model of PMSM can be transformed into Hamiltonian
realization as follows,

0H(x)
0x

the state vector, input vector and the output vector is defined
respectively as

X = (J(x) - R(x)) + gu(X)u, @

2 T
X = [xl’xZ,x3]T = [Ldld’quq’ g-]mw > (3)
2 T
u=uqg, uqa_gTL s (4)
.. T
y = ligsig 0] . 5)

The Hamiltonian function is defined as

x2 X2 3x2
H(x) = %(Ldif] + Lqi2 + %Jmaﬂ) = %(L—; + L—z + ﬁ).
(6)
Then, the model (1) can be represented in the form of a
Hamiltonian model with
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1 00
gu(x)=10 1 0, @)
0 0 1
the interconnection matrix is
0 0 )
J(x) = 0 0 —np(x1 + @), (8)
—npxy  np(x; + ) 0

and the damping matrix is

R, 0 O
Re=|0 R 0 ©)
0 O §B

3. Current-constraint speed regulation for the PMSM
based on PCH systems and DDPG

In this section, we first propose a PCH controller based on
IDA-PBC with integral action that can regulate the speed and
the current of the PMSM simultaneously. Then, the method
of finding optimal parameters based on DDPG to balance
g-axis current constraint and fast dynamic performance is
described. Finally, to obtain i;, a load torque observer is
designed to estimate 7. The overall diagram of the proposed
method is shown in Fig. 1.

3.1 PCH controller based on IDA-PBC with integral
action

The full control law, consisting of the input voltages u =
u, +uy, is calculated in two stages, where the regulation term
u, is computed with the IDA-PBC method [10], resulting in
the intermediate closed loop dynamics, and u; is computed
the integral action [22], resulting in the final closed-loop
system.

The d-q axis reference current and the reference speed

are defined as i¥, i}, and w"*, respectively. The constant

a ‘q

torque angle control algorithm is utilized for the PMSM
drive, where i:’l is considered to be 0. When the motor
reaches the desired equilibrium, one has dw/dt = 0. Thus,

according to (1), i; can be calculated as

. 27 +2Bw’

i, = , (10)
4 3n,®

where the value of 7 comes from the load torque observer,
and the specific design will be represented in subsection 3.3.
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Fig.1 The overall diagram of the proposed method.



Additionally, the reference state is defined as

2L, +2L,Bw* 2 ’
,=Ja*| .

*]T —
’ 3n,® 3

* * Lk
x* = [xl,xz,x3

(1D
According to the IDA-PBC technique, a closed-loop energy
function H;(x) with feedback control u, as constructed to
make the PCH system of the PMSM asymptotically stable
at the desired equilibrium point x*, and its minimum value
is at x*. Thus, as described in the following, a feedback
controller u, is constructed such that the intermediate closed
loop system is written as

OHy(x)

i = (Jax) = Ra(o)) =" +ur,

(12)
the PCH controller u, = [uay, ugr, 0]” for the speed control
system of PMSM can be derived as

{ Udr = —Tala — NpLaiy(w — w*) = ngLyigw”, (13)

ugr = Rsig — rp(ig — i;) +np(Lgig + O)w*,

where r, and rp, are the parameters of damping assignment
matrix. Further, under the controller uy = [ugr, uq1,0, 0] to
add the integral action after the IDA-PBC method, the final
closed loop Hamiltonian system is constructed as follows:

0
Ja(z) — Ru(z)| O |0H,
-K; a_z(Z) (14

0 0 K | 0

with Ho(21,22.23.24) = Ha(z1,22,23) + (2} K24)/2, K > 0
and

21 = X1,
L‘I
=Xt U,
np(Ldld + (D) (15)
i3 = X3,

z4 = Kj /(a) - w*)dt,

where K7 is the coefficient of the integral action.
By calculating the integral action controller, the following
is constructed:

ugr =0,
LyKi(w—-w")  Kj(-Rs —rp)
- _ —w*)dt.
Yl = (Laia + @) ny(Laiq + @) Jw=w?)
(16)

Theorem 3..1 Consider the PCH system (12) and the con-
trol law (16). The closed-loop system can be written as
the extended objective PCH (14) with the z-states defined
by the state transformation (15). Moreover, the closed-loop
system (14) is asymptotically stable at the equilibrium point
(x]*,x;,x;,O).

Proof 3..1 Choose H,(z) as the Lyapunov function of the
final closed loop system. Since the reference current comes

from the load torque observer, and i;, = %. The time
3,

derivative of H,(z) along the trajectory of the final closed
loop system is as follows
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0
. o"H, ) - . 0H,
HL(2) = gz.(Z) Ja(z) R4(2) —(1)< : Ig Z(Z)

0 0 K | 0

= ~(Ry + ra)lia = i) = (Ry + rp)iq — #5252 )
—%(w —w*)? <0.

17
The reference state of z is defined as z* = (z},25,25,23)-
Since z; = 0 and the final Hamilton function H,(z) is con-
structed based on the intermediate Hamilton function Hgy(x),
the equilibrium point z* = argminH,(z) = (z{, 25, 23,0) cor-
responds to the numerical values of (x|, x},x3,0). The final
closed-loop system also preserves the Hamiltonian form,
asymptotic stability and equilibrium point as the intermedi-
ate Hamiltonian system. This completes the proof.

The final controller u can be obtained as follows:

Ug = —Tgig — andi;(a) - ") —ngLgiqw*,
ug = Ryiy — rp(ig — i;) +np(Lgiq + O)w*
L,Ki(w — w* K;(—R, —
L4 1(. ) Ki( s rp) [ - ).
I’lp(Ldld + @) np(Ldld + @)
(13)

With fixed rp, and K of controller (18), it is difficult to re-
alize g-axis current constraint and fast dynamic performance
of PMSM simultaneously. What’s more, it is difficult to ac-
curately obtain the optimal values of the two gains through
prior knowledge. We will describe the application of DDPG
in the proposed algorithm to find the optimal variables rp
and K7 in the next subsection.

3.2 Method of finding optimal parameters based on
DDPG
To constrain the g-axis current and maintain fast dynamic
performance, the DDPG algorithm [23] is applicate to find
the optimal variables. The overall process of DDPG al-
gorithm of controlling a PMSM system is shown in Fig. 2.
The PMSM plays the role of an environment, which pro-
vides states to the DDPG algorithm and reacts to an action
generated by the algorithm. At each step ¢, the agent will
receive information about states s, = (ug, ug,iq,iq, w); of the
PMSM, and the agent will choose an action a; = [rp, K/];,
which influences the current constraint and speed regulation.
The DDPG control objective is to maximize the long-term
cumulative reward. To obtain the optimal parameters, a
multi-objective reward function is created, which is to con-
strain the g-axis current while maintaining the fast dynamic
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Fig. 2 The algorithm process of DDPG.



performance. The coefficients of each objective of the re-
ward function are based on its importance and magnitude.
The reward function r(s, a) is constructed as follows:

M; - Mylw - ™|, iy <c,
r(s,a) =

19
-M,lw-w*|, ig>c, (19)

where M; > 0 and M, > 0.

3.3 Load torque observer
When load of torque is constant, to obtain i, a torque ob-
server is designed to estimate 77,. The torque observer can
be designed as [30, 31]
~_ B 1, 1 R
?)——Ew—ETL+ ET—pl(w—w), 20)
7L = —p2(w - @),

where @ and 7y, are estimates of w and 7z, respectively, and
according to pole configuration, the observer gains p; = 2a,
P2 = Jua?, and a is the desired bandwidth.

4. Experiments

To verify the effectiveness of the proposed control strategy,
an 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
neutral-point-clamped (NPC) inverter. To test the load dis-
turbance of the proposed method under different conditions,
the external load is given by another PMSM with the same
power. The experimental platform and parameters of the
PMSM are shown in Fig.3 and Table I, respectively. The
parameters in DDPG for our method are shown in Table
II, which are determined by the trial and error method and
fine-tuned by offline.

There are two types of PMSM experiments, the first type
provided a load torque disturbance after the PMSM is pow-
ered on, the second type is acceleration. The dynamic per-
formance of the proposed method is compared with IAPCH
[8] and PI. In PI, in current loop the parameter is / = 0.0001.
For comparison, in the speed loop of PI, low-gain parameter
P; = 0.009 is selected to have the current constraint capac-
ity, and high-gain parameter P, = 0.07 is selected to have
the load disturbance ability.

Load PMSM & PMSM

Fig. 3 Photo of the experimental platform.

Fig.3 did not have a link to the TeX data.
| put in a separate data file, but was it okay?
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4.1 Phase of a sudden load torque disturbance

The process of the experiment is adding a load torque sud-
denly when the PMSM runs at 1250rpm. Fig.4(a)-(d)
show the performance comparisons of the proposed method,
IAPCH, PI with low-gain and PI with high-gain, respectively.
There is the shortest recovery time and smallest speed drop
under the proposed method compared to IAPCH, high-gain
PI and low-gain PI. What’s more, the proposed controller
has the ability to constrain i, and better than IAPCH and
high-gain PI.

Table I Specifications of the PMSM.

Parameters Label  Value

rated power Pratea 0.73kW

rated voltage Viated 220V

rated current Lratea 3A

pole pairs Np 4

d-axis inductance Ly 4.85mH

g-axis inductance Lg 4.85mH

stator resistance Ry 2.03Q

inertia constant Im 0.00034Kg - m?2

rotor flux linkage (0] 0.13065 Wb

Table I  The parameters of the DDPG.

Parameters Value
layers of Actor 3
layers of Critic 3

number of hidden layer size in Actor 500
number of hidden layer size in Critic 500

Actor learn rate 1073
Critic learn rate 1074
Actor gradient threshold 1
Critic gradient threshold 1
experience buffer 100
mini-batch size N 64
updating factor p 0.01
M; of reward function 100
M., of reward function 0.1
¢ of reward function 5
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Fig. 4 Performance comparisons.
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Fig. 6 Performance comparisons (1150 rpm to 1350 rpm).

4.2 Phase of acceleration
There are two experiments about acceleration. The reference
speed of the first one is 900 rpm when the PMSM runs at
700 rpm which is shown in Fig. 5. The reference speed of the
second one is 1350 rpm when the PMSM runs at 1150 rpm
which is shown in Fig. 6. There is the shortest settling time
under the proposed method compared to IAPCH, high-gain
PI and low-gain PI. What’s more, the proposed controller
has the ability to constrain i, and better than IAPCH and
high-gain PI.

In conclusion, the proposed method has the ability to si-
multaneously meet the g-axis current constraint and achieve
fast dynamic performance for PMSM.

5. Conclusion

The PCH system of the PMSM views the plant to control
from the perspective of overall energy, and the IDA-PBC
control method based on the PCH has the advantages of
simple structure and explicit physical meaning. However,
it cannot balance g-axis current constraint and fast dynamic
performance. A PCH-based controller with an integral term
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is proposed that can regulate the speed and the current of
the PMSM simultaneously. The additional integral term can
increase robustness and guarantee the asymptotic stability
of the closed loop system. Furthermore, by finding the opti-
mal parameters from the reinforcement learning of DDPG,
the proposed method has the ability to balance g-axis cur-
rent constraint and fast dynamic performance of PMSM.
The proposed method shows g-axis current constraint, fast
dynamic performance and good robustness.
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