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Abstract—With silicon carbide metal–oxide–semiconductor
field-effect transistors (SiC MOSFET) being used as inverters in
super-high-speed electric air compressors (SHSEAC) controllers,
the high switching frequency of SiC MOSFETs would cause serious
electromagnetic interference (EMI) and ulteriorly lead to speed
fluctuation. Suppressing load excitation can only reduce speed
fluctuations at low speeds while optimizing electromagnetic pa-
rameters can reach the same effect at high speeds. But neither of
them can work at super high speed. So, this article focuses on the
suppression of high-frequency electromagnetic excitation brought
by SiC MOSFET through its electronic control parameters. First, we
conduct dynamic modeling and analysis of SHSEAC and calculate
its stability domain. Then, by designing a deep deterministic pol-
icy gradient (DDPG) speed fluctuation suppression controller, the
SiC MOSFET switching frequency is controlled within the stable
domain. Finally, the EMI tests were conducted on SHSEAC at
rated and peak speeds. The results showed that the DDPG speed
fluctuation suppression controller not only meets the CISPR 25
standard in suppressing EMI but also controls speed fluctuations
below 20 r/min and reaches the production level.

Index Terms—High-frequency electromagnetic excitation,
SiC MOSFET, speed fluctuation, super-high-speed electric air
compressor.

I. INTRODUCTION

UNDER market demand and policy guidance, the rapid
development of fuel cell heavy trucks has led to the

widespread application of high-power fuel cells [1]. High-power
fuel cells require a large amount of oxygen, which requires
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the intervention of super-high-speed electric air compressors
(SHSEAC) [2], [3]. The SHSEAC’s operation requires the super-
high-speed permanent magnet synchronous motor (PMSM) [4],
[5], [6]. SiC MOSFET can freely adjust size at super high speed,
due to the high switching frequency of silicon carbide. So it is
applied to the SHSEAC controller [7]. However, under the SiC
MOSFET’s high-speed switching, the torque’s sudden change is
caused by mechanical parameters, electromagnetic parameters,
and electrical control parameters, which can result in speed
fluctuations [8], [9], [10]. The first produces load excitation and
the others produce electromagnetic excitation. The current study
on suppressing speed fluctuation mainly focused on the above
aspects [11].

The suppression of load excitation is mainly based on the opti-
mization of mechanical parameters [12]. Lin and Yang [13] con-
trolled the torque and radial force of PMSM based on sinusoidal
current excitation to suppress the speed fluctuation generated by
the rotor’s eccentricity and imbalance. However, rotor eccen-
tricity is only one of the changes in mechanical parameters. The
study cannot solve the disturbance caused by other mechanical
parameters. Cheng et al. [14] studied the mechanical parameters
directly, using the Popov hyperstability theorem to estimate ac-
curate mechanical parameters of PMSM, thereby compensating
the load torque. On this basis, Liao et al. [15] identified the
estimated value of mechanical parameters through the extended
sliding mode observer and Luenberger observer, then adjusted
control parameters in real time to suppress the fluctuation under
2000 r/min, which is in the low speed range. However, Gu et al.
[16] showed that PMSM is a nonlinear system that consists of
multiple variables, and the load excitation caused by mechanical
parameter only has significant impact under low speeds.

The current research mainly focused on the electromagnetic
parameters to suppress the fluctuation [17]. Based on the
error between the reference current and the actual current in
the process of PMSM’s speed regulation, Zhang et al. [18]
analyzed the influence caused by the current error and corrected
the reference value to keep the torque stable. Hu et al. [19]
studied the coupling relationship between reference voltages
on the d-axis stator and q-axis stator to further propose the
control method based on stability region to reduce the speed
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Fig. 1. Generation of high-frequency electromagnetic excitation surge.

fluctuation. But the above two studies only focused on the
essential factors such as the reference current and ignored other
parameters. Burye et al. [20] extracted all parameters affecting
high-frequency electromagnetic excitation including shape,
material, and speed through finite element analysis and applied
these parameters to analytic expression. Through the analytical
expression, the error of torque is calculated and compensated.
However, this study still ignored some minor changes, which
could have a significant impact at high speed. Aiming at the
improper change moment of high-speed PMSM, Xu et al. [21]
proposed a particle swarm algorithm to reduce the fluctuation
in the process of flux weakening speed regulation. It could work
effectively under 3000 r/min high-speed PMSM, which shows
that these methods only work from low speed to high speed.

All the above references did not pay attention to the electronic
control parameters in the SiC MOSFET; these could produce the
distortion voltage, which ultimately triggers switching delay
[22], [23], [24]. Due to the short delay time in the switching
cycle, the high-speed PMSM is not sensitive to it, but the super-
high-speed PMSM will produce speed fluctuation [25], [26].
To effectively control speed fluctuations within the super-high
speed, this article suppresses high-frequency electromagnetic
excitation through electronic control parameters. First, we con-
struct the model of SHSEAC and calculate its stability domain.
Then, the speed fluctuation is suppressed based on the deep
deterministic policy gradient (DDPG) algorithm. Finally, the
test bench of SHSEAC is established to verify the algorithm.
The main innovations and contributions of this article are as
follows.

1) Based on the physical characteristics and voltage distor-
tion principle of SiC MOSFET, a new SHSEAC model is
established which considers SiC MOSFET high-frequency
electromagnetic excitation. The stable domain is calcu-
lated through this model to decide the reward function of
the DDPG algorithm.

2) The speed fluctuation controller based on the DDPG algo-
rithm was designed to solve the problem of strong coupling
between the stator current on the d-q axis and the switching
frequency, which is hard to control. The controller can
continuously track the stator current on the d-q axis and
SiC MOSFET’s switching frequency to enable both of them
in the stable domain.

The rest of this article is organized as follows. The estab-
lishment of the SHSEAC dynamic model and the calculation
of the SHSEAC stability domain are introduced in Section II.
Section III introduces the design of the reward function in
the DDPG algorithm and the design process of the controller.
Section IV shows the comparison of the control effect of the
designed controller under training conditions and simulation
conditions. In Section V, experiments are carried out on the
actual super-high-speed air compressor bench to verify the effec-
tiveness of the designed controller. Finally, Section VI concludes
this article.

II. CALCULATION OF THE SHSEAC STABLE DOMAIN

A. Dynamic Model of SHSEAC

As shown in Fig. 1, the distortion problem of the output
voltage of the SiC MOSFET is mainly caused by two parts: the
voltage drop and the delay time [27], [28]. The voltage drop
varies linearly, while the dead zone, switching delay time, and
initial value of the transistor voltage drop vary nonlinearly. This
leads to a certain difference between the actual voltage reference
value and the ideal voltage reference value. Especially for the
super-high-speed PMSM, due to the high-frequency switching
of SiC MOSFET, the nonlinearity of the inverters continues to
stack, and the voltage distortion effect becomes more prominent.
It leads to a surge in high-frequency electromagnetic excitation.
The switching frequency has a strong coupling relationship with
the stator voltage on the d-axis (Ud) and the stator voltage on the
q-axis (Uq), which further increases the difficulty of SHSEAC
control [29], [30].

The error expression of the stator phase voltage of SHSEAC
is as follows:

⎡
⎣Uan−err

Ubn−err

Ucn−err

⎤
⎦ =

[
2(Udc−Uce+UD)(Tdead+TON−TOFF)

3Ts
+ (Uce0+UD0)

6

]
⎡
⎣ 2 −1 −1
−1 2 −1
−1 −1 2

⎤
⎦
⎡
⎣sgn (ia)sgn (ib)
sgn (ic)

⎤
⎦+ (rce+rD)

2

⎡
⎣iaib
ic

⎤
⎦

(1)
where Uce is the voltage drop of the switching device, UD is the
voltage drop of the diode, Tdead is dead Time, T on is conduc-
tion delay time, T off is turn-OFF delay time, rce is equivalent
resistances of the switching device, rD is equivalent resistances
of the diode, Uce0 is the initial saturation pressure drop, and Ud0

is the initial conduction voltage drop of the freewheeling diode.
According to the principle of constant amplitude, after the

Clark and Park transformation of (1), the reference value of the
stator voltage on the d-q axis and the actual value can be obtained



9652 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024

[31]. The error of voltage is as follows:[
U err
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U err
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To further simplify (2), we obtain[
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where θ is the rotor position angle, and Id0 and Iq0 are the related
terms of the inverter’s current polarity.

Then, the error between the reference value and the actual
value of the stator voltage on the d-q axis can be expressed as[

U err
d

U err
q

]
=

[
4(Udc−Uce+UD)(Tdead+TON−TOFF)

3Ts
+ (Uce0+UD0)

3

]
[
Id0
Iq0

]
+ (rce+rD)

2

[
id
iq

]
.

(4)
To combine the model of SHSEAC with the voltage model

of SiC MOSFET [32], the dynamic model of SHSEAC under
SiC MOSFET’s high-frequency electromagnetic excitation is as
follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

did
dt =

Ud+

[
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3Ts
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3
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3Ts
+

(Uce0+UD0)
3

]
Iq0

Lq
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1
2 (rce+rD)iq−Riq−ωeLdid−ωeψf

Lq

dωr

dt =
3
2np[ψf iq+(Ld−Lq)idiq ]−TL−βωr

J

.

(5)
After the affine transformation and the timescale transfor-

mation, the above model can be converted to the following
dimensionless form:⎧⎪⎪⎨

⎪⎪⎩
dĩd
dt̃

= −ĩd + ω̃ĩq + Ũd + f̃ Ĩd0
dĩq
dt̃

= −ĩq − ω̃ĩd + γω̃ + Ũq + f̃ Ĩd0
dω̃
dt̃

= σ(̃iq − ω̃)− T̃L

. (6)

Among them

ũd=
3npLqψfud
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,
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qTL

R2
1J

where f̃ is a dimensionless parameter representing the switching
frequency 1/Ts, dead time Tdead, tube voltage drop Uce, and UD

of SiC MOSFET. Therefore, the influence of control parameters of
silicon carbide MOSFET inverter on the stability of SHSEAC can
be indirectly proved by studying the influence of f̃ on system
dynamics.

B. Calculation of the SHSEAC Stable Domain

The equilibrium point of the system obtained from (6) can be
expressed as⎧⎪⎪⎨
⎪⎪⎩
ĩd0 = ω̃2

0 +
ω̃0

σ T̃L + Ũd + f̃ Ĩd0

ĩq0 = T̃L

σ + ω̃0

ω̃3
0+

T̃L

σ ω̃
2
0+(1+Ũd+ f̃ Ũd0 − γ)ω̃0 − Ũq − f̃ Ĩq0 +

T̃L

σ =0

.

(7)
J is the Jacobian matrix of the system at the equilibrium point,

expressed as follows:

J =

⎡
⎣ −1 ω̃r0 ĩq0
−ω̃r0 −1 γ − ĩd0
0 σ −σ

⎤
⎦ . (8)

Thus, the characteristic equation of the system can be ex-
pressed as

λ3 +A2λ
2 +A1λ +A0 = 0. (9)

It can be found that (9) is a univariate cubic polynomial
equation with the coefficients as follows:⎧⎨
⎩
A2 = 2 + σ

A1 = (1 + σ)ω̃2
r0 + T̃Lω̃r0 + 2σ + 1 + σŨd + f̃ Ĩd0 − σγ

A0 = 3σω̃2
r0 + 2T̃Lω̃r0 + σ(1 + Ũd + f̃ Ĩd0 − γ)

.

(10)
According to the Routh–Hurwitz stability criterion and bifur-

cation theory, the equilibrium point can be solved to produce
Hoft bifurcation conditions:⎧⎪⎪⎪⎨
⎪⎪⎪⎩

2 + σ > 0

(1 + σ)ω̃2
r0 + T̃Lω̃r0 + 2σ + 1 + σŨd + f̃ Ĩd0 − σγ > 0[

(1 + σ)ω̃2
r0 + T̃Lω̃r0 + 2σ + 1 + σŨd + f̃ Ĩd0 − σγ

]
(2 + σ)−[3σω̃2

r0 + 2T̃Lω̃r0+ σ(1 + Ũd+ f̃ Ĩd0 − γ)] = 0

.

(11)
The stable domain of SHSAC and its variation law can be

obtained through the Poincan bifurcation plot and the Lyapunov
index [33]. In this study, the parameters of each component are
shown in Table I.

To explore the stable domain variation law of dimensionless
switching frequency f̃ under the variation of stator voltage in
the dimensionless d-q axis, we assume the dimensionless q-axis
stator voltage Ũq = 5 and Ũd = −5, −10, −15, −20, −25 and
the dimensionless d-axis stator voltage Ũd = −15 and Ũq =
−5, 0, 5, 10, 15. Draw a stable domain curve under the variation
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TABLE I
MAIN PARAMETERS OF SHSEAC

of stator voltage on the dimensionless d-q axis, and observe
the process of stable domain variation of the dimensionless
switching frequency f̃ of SiC MOSFET. The solid line represents
the stable equilibrium point of the system, whereas the dashed
line represents the unstable equilibrium point of the system. As
shown in Fig. 2, when Ũd = −10, the stable domains of the
dimensionless switching frequency are f̃<−110 and f̃>−88.
Similarly, when Ũq= 0, the stable domains of the dimensionless
switching frequency are f̃<25 and f̃>68. When designing
controllers, as the dimensionless d-axis stator voltage decreases,
the stable region will be eroded from both sides, and the rate of
decrease in the stable region in the left direction will be faster.
Similarly, as the nondimensional q-axis stator voltage increases,
the nondimensional switching frequency instability domain first
rapidly expands, then gradually decreases, and overall moves to
the left. It is important to avoid switching frequencies within the
unstable range [34].

III. SUPPRESSING SPEED FLUCTUATION BASED ON DDPG

A. State and Action Setting

In the control process of SHSEAC, the state set is the state
variable of the system, which can reflect the motion state of the
system. In this article, the stator current tracking errors ed and eq
of the d-q axis in the current loop, the PMSM speed tracking error
eω in the speed loop, and the chaotic switching frequency error
ef are selected, as the state input of the agent action network, its
vector form is expressed as follows:

St = [ed, eq, eω, ef ]
T . (12)

In the initial state, according to the Actor online strategy and
the noise random process. The action set of the agent is the output
of the Actor network, which is the vector form of optimized
controller parameters Ud∗, Uq∗, and fc∗. It is expressed as
follows:

at = [Ud
∗, Uq∗, fc∗]

T . (13)

Fig. 2. Stability judgment curve of equilibrium point with (a) Ũd variation
and (b) Ũq variation.

B. Design of the Reward Function

Because of the two control requirements of speed fluctuation
and EMI suppression in the control of SHSEAC [33], this article
sets the following reward functions.

1) Speed Fluctuation Reward Function: Steady-state error,
rotational speed change rate, and other indicators should be
involved in the reward function for their influence on PMSM.
A comprehensive reward value can be obtained by weighting
different indicators using the weight coefficients k1 and k2. The
reward function can be expressed as

R1 = r1 − k1

( |ωt − ωref |
ωref

)2

− k2

(
ωt − ωt−1

ωref

)2

(14)

where r1 is a fixed baseline reward value, ωt represents the
current speed of PMSM, and ωref represents the desired speed
value. k1 and k2 are the weight coefficients, respectively, that
balance the effects of steady-state error and rotational speed rate
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TABLE II
DDPG ALGORITHM PARAMETERS

on the reward value. This reward function allows the controller
to stabilize the speed as near as possible to the desired value and
reduce the fluctuation of the speed as much as possible.

2) EMI Reward Function: Keeping the current within the
desired value and minimizing current fluctuations and EMI are
important. If the current on the d-q axis fluctuates greatly, the
PMSM will produce a large EMI. So penalties should be set for
current fluctuations and current errors at the same time to correct
the control strategy to control the current error within a certain
range. The reward function can be expressed as

R2 =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

r2 − k3
(∣∣id(t) − id(ref)

∣∣+ ∣∣iq(t) − iq(ref)

∣∣)
−k4

(∣∣id(t) − id(t−1)

∣∣+ ∣∣iq(t) − iq(t−1)

∣∣)
if
∣∣i(t) − i(ref)

∣∣ ≤ μ, f /∈ [f1, f2]
r2 − k3

(∣∣id(t) − id(ref)

∣∣+ ∣∣iq(t) − iq(ref)

∣∣− μ
)

−k4
(∣∣id(t) − id(t−1)

∣∣+ ∣∣iq(t) − iq(t−1)

∣∣)
else

(15)

where r2 is a fixed baseline reward value, iref is the desired
current value, μ is a small tolerance value, and k3 and k4 are the
weight coefficients, respectively, to balance the effects of stator
current error and rate of change on the reward value. f1 and f2 are
the intersections of the switching frequency stabilization domain
division curve and the chaotic modulated switching frequency.

Finally, considering the speed fluctuation and EMI, the reward
function is linearly integrated as follows:

R = R1 +R2. (16)

It can be seen that k1, k2, k3, and k4 are the weight coefficients,
which can be changed according to the application environment.
Considering the suppression ability of speed fluctuation and
EMI, the parameters are set in Table II. When R is maximum,
the best optimization results will be obtained.

C. Controller Parameter Update

As shown in Fig. 3, the DDPG agent is performed by state
observation, sample transfer of actions, and estimation of Q
values in the Critic network. The initial value of Q will affect
parameter learning. To improve the effectiveness of training,
values are randomly selected from a normal distribution with
a mean of 0 and a standard deviation of 0.01 to initialize the
weights of the Critic network in DDPG, which is used to set the
initial Q value of DDPG closer to the true Q value. Actor network

Fig. 3. Schematic diagram of parameter update for DDPG speed fluctuation
suppression controller.

accepts state st(1,2) in the working environment of SHSEAC,
outputs control action commands at(1,2), and the Critic network
also gives a score Q(1,2)(st(1,2), at(1,2))) based on the value of
the action pair in this state to help Actor network be able to
output more reasonable actions in the future. The goal of the
Actor network is to maximize the score of the Critic network by
catering to the Critic network, so the specific parameters of the
Actor network can be updated by gradient climbing given as

∇J(θμ(1,2)) ≈ 1

M(1, 2)

∑
Q(1,2)(s(1,2), a(1,2)|θQ(1,2))

|a=μ(s(1,2))∇μ(s(1,2)|θμ(1,2)). (17)

The stator voltages on the d-q axis are Ud
∗ and Uq

∗, the
estimated Q value is yt1, and the chaotic switching frequency is
fc∗. The estimated value yt2 of Q is determined by⎧⎪⎪⎨
⎪⎪⎩
yt1 = rt1

({ed, eq, ew}t, Ud,q∗)
+γQ′

1

({ed, eq, ew}t+1, μ
({ed, eq, ew}t+1|θμ1

) |θQ1′
)

yt2 = rt2
({ed, eq, ew, ef}t, fc∗)

+γQ′
2

({ed, eq, ew, ef}t+1, μ
({ed,eq, ew, ef}t+1|θμ2

)|θQ2′
)

(18)
where θμ(1,2) is the weight of the Actor network, θQ(1,2) is the
weight of the current Critic network, and θQ’(1, 2) is the weight
of the target Critic network.

The Critic network weights are renewed according to the time
difference algorithm to calculate the mean squared Bellman error
by minimizing the loss function between the original Q value
and the latest Q value, as shown in the following equation:⎧⎨
⎩
L
(
θQ1

)
= 1

M1

∑
t

(
yt1 −Q1

({ed, eq, ew}t, Ud,q∗|θQ1
))2

L
(
θQ2

)
= 1

M2

∑
t

(
yt2 −Q2

({ed, eq, ew, ef}t, fc∗|θQ2
))2
(19)

where M (1,2) are samples of the empirical pool in the control
loop, respectively.
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The parameter update method of the Actor network is gra-
dient ascent through the objective function, and the calculation
formula is shown in the following equation:⎧⎨
⎩
J
(
θμ1

)
= E

[
Q1

({ed, eq, ew}t, Ud,q∗)∣∣Ud,q
∗=μ1({ed,eq,ew}t)

]
J
(
θμ2

)
=E

[
Q2

({ed, eq, ew, ef}t,fc∗)∣∣fc∗=μ2({ed,eq,ew,ef }t)
] .

(20)
The weights of the Actor network can be updated from the

derivative of the objective function J(θ) via chaining rules. The
Actor network is optimized by the following equation to produce
the optimal control parameters of SHSEAC, as Ud∗, Uq∗, and
f∗: ⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

∇J (
θμ1

) ≈ 1
M1

∑
i
[∇Q1

({ed, eq, ew}t,
Ud,q

∗|θQ1
) |Ud,q

∗=μ1({ed,eq,ew}t)
× ∇μ1

({ed, eq, ew}t|θμ1)]
∇J (

θμ2
) ≈ 1

M2

∑
j
[∇Q2

({ed, eq, ew, ef}t,
fc

∗|θQ2
) |fc∗=μ2({ed,eq,ew,ef }t)

×∇μ2

({ed, eq, ew, ef}t|θμ2)]
. (21)

The online actor network in the DDPG algorithm can output
deterministic actions according to the state of the environment to
adapt to the working environment of the electric air compressor.
However, during the training process of DDPG, the updating
of neural network parameters is achieved by minimizing or
maximizing the objective function (Q-value). If the agent lacks
exploration, the neural network parameters may fall into local
optima. When there are points in the parameter space of a neural
network with a gradient of zero, i.e., saddle points, the gradient
descent may stop at the saddle point, leading to convergence
difficulties. To improve the exploratory nature of the DDPG
algorithm, reduce the risk of getting stuck in local minimum
or maximum values, and enhance the algorithm’s resistance to
saddle points, add exploration noise ε12 to the Actor network,
as shown in the following equation:{

Ud,q
∗ = μ1

({ed, eq, ew}t|θμ1)+ ε1
fc

∗ = μ2

({ed, eq, ew, ef}t|θμ2)+ ε2
. (22)

Both the target strategy network parameters θμ
′
and the target

evaluation network parameters θQ
′

are updated by the Soft
update algorithm as{

θμ
′
= τθμ + (1− τ)θμ

′

θQ
′
= τθQ + (1− τ)θQ

′ . (23)

The dynamic response range controlled by the speed loop
and the current loop are different. The current circuit involves
the electromagnetic characteristics and current response of the
PMSM, while the speed circuit involves the mechanical char-
acteristics and speed response of the PMSM. In high-speed
PMSM, the response time of the mechanical system is relatively
small, resulting in a relatively small impact of the speed loop
on speed fluctuations. Therefore, the DDPG proxy is used to
replace the current loop PI, as shown in Fig. 4. The algorithm
switching frequency of DDPG is 100 Hz, the interrupt cycle
is 10 ms, and the execution time of the controller is 5 ms. In
the training initialization phase, the normal distribution random
initialization method sets the initial value of Q in DDPG closer to

Fig. 4. DDPG speed fluctuation suppression controller block diagram.

the real value and improves the stability and convergence speed
of the algorithm by adjusting the coefficients of soft updates.
Effectively solves the problem in DDPG that criticizes the slow
convergence of the minimum Q value of the network. Prevent
the iterative output from stopping before it converges to the
optimal value. In the process of algorithm training, the DDPG
agent obtains the state from the working environment of the
SHSEAC and then controls the action reasonably according to
the state output. The environment will update the state of the next
moment based on the reward feedback based on the quality of
the action, and store the experience sample sequence generated
by the interaction between the agent and the environment in the
experience pool for parameter update optimization of the agent’s
own Actor-Critic network. The goal of reinforcement learning
is to optimize the parameters of the agent Actor network by
continuously iteratively updating the training, and finally saving
the parameters in the agent Actor network after the training is
completed. After that, the DDPG intelligent body can output the
most reasonable control instructions in this state according to
the state of the SHSEAC, to realize the suppression of the speed
fluctuation of the SHSEAC.

IV. ANALYSIS OF SHSEAC SPEED FLUCTUATION

SUPPRESSION EFFECT

A. Comparison of Control Effects Under Simulated Conditions

The trained DDPG agent is packaged to replace the PID
control module in the vector control architecture. The DDPG
agent’s input and output interface are redefined. Under the same
parameter settings, the suppression effect of SHSEAC under
different controllers is compared and simulated.

To verify the effectiveness, the target speed is set to
154 350 r/min. The simulation results of the stator voltage on the
d-q axis under two different control methods are shown in Fig. 5.
For the PID controller, it can be found from the simulation results
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Fig. 5. Comparison of d-q axis stator voltage results between two controllers under simulation conditions. (a) d-axis stator voltage. (b) q-axis stator voltage.

Fig. 6. Comparison of d-q axis stator current results between two controllers under simulation conditions. (a) d-axis stator current. (b) q-axis stator current.

of the stator voltage of the d-axis that the stator voltage on the
d-axis begins to oscillate irregularly at t = 1.92 s, indicating that
Ud is at this time in the unstable domain. In addition, the stator
voltage on the d-axis continues to oscillate violently at t= 3.34 s,
indicating that Ud has been in the unstable domain, and the PID
controller is electrically charged to the stator on the d-axis. The
pressure cannot be effectively controlled. A similar situation is
also seen in the q-axis stator voltage simulation result plot. For
the DDPG controller, it can be found from the simulation results
of the stator voltage on the d-q axis that the voltage of the stator
on the d-q axis is at t = It was reset at 1.92 s, and the stator
voltage on the d-axis was adjusted from −118.36 V to −114.63
V, and the stator voltage on the q-axis was adjusted from 297.80
to 273.16 V. From t = 1.92 s to t = 2.41 s, the DDPG controller
keeps the stator voltage in the d-q axis within the stable domain.

When t = 3.34 s, the stator voltage of the d-q axis is again
set by the DDPG controller, the stator voltage of the d-axis is
adjusted from −95.75 to −85.05 V, and the stator voltage of
the q-axis is adjusted. The voltage is adjusted from 259.93 to
249.24 V, keeping the stator voltage in the d-q axis within the
stable domain.

The simulation results of the stator current on the d-q axis
under two different controllers under the simulation condition
are shown in Fig. 6. For the PID controller, it can be seen from the
simulation result plot that the stator current in the d-axis begins
to oscillate irregularly at 1.92 s. In addition, the stator current of
the d-axis oscillates continuously at 3.34 s, indicating that the
PID controller cannot effectively control the stator current of the
d-axis at this time. A similar situation is also seen in the q-axis
stator current simulation result plot. For the use of a DDPG
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Fig. 7. Comparison of electromagnetic torque results between two controllers
under simulation conditions.

controller, it can be seen from the simulation results that when
the stator current on the d-q axis exists fluctuation, the DDPG
algorithm sets based on the trend of current decrease. When
the current reaches the expected effect, the current is stabilized
by a current fluctuation penalty term. With effective stability
control, the stator current on the d-axis is reduced from −34.98
to −57.59 A, and the stator current on the q-axis is reduced from
140.85 to 135.57 A. It has been stable until t = 2.41s. When t =
3.34 s, the stator current on the d-q axis is effectively controlled
by the DDPG controller again, and the stator current on the d-axis
is reduced from−135.57 to−140.85 A. The stator current on the
q-axis decreases from 63.02 to 42.78 A, and the stator current on
the d-q-axis eventually changes smoothly following the stable
current trajectory calculated by the DDPG controller.

The simulation results of the torque response under two
different controllers are shown in Fig. 7. For the PID controller,
it can be observed from the figure that the electromagnetic
torque begins to oscillate irregularly at 1.92 s, indicating that the
SHSEAC is in an unstable state, which is manifested by a large
increase in speed fluctuation. In addition, the electromagnetic
torque continues to oscillate violently at 3.34 s, indicating that
the speed of the SHSEAC is in a continuous oscillating state at
this time, and the PID controller cannot achieve stable control
of the speed. For the DDPG controller, it can be seen from the
figure that the electromagnetic torque is effectively controlled
from 1.92 to 2.41 s. In the range, the maximum torque fluctuation
amplitude is reduced from 0.25 to 0.09 N�m. In addition, at
3.34 s, the electromagnetic torque is effectively controlled by
the DDPG controller again, the maximum torque ripple ampli-
tude is reduced from 0.32 to 0.08 N�m, and the system torque
fluctuation is significantly improved.

V. EXPERIMENTAL VERIFICATION OF SHSEAC SPEED

FLUCTUATION INHIBITION

A. Experimental Equipment and Methods

To verify the effectiveness of the designed DC-SVPWM
modulator, it is necessary to build an SHSEAC speed response

Fig. 8. EMI test bench of SHSEAC.

test bench, and then carry out the EMI test in the electromagnetic
shielding room. As shown in Fig. 8, the SHSEAC, controller,
and LISN are placed in the shielded room, as the power supply of
the stabilized DC power supply and AC power supply and other
auxiliary equipment are placed outside the shielded room, LISN
is located in the middle of the power line, one end is connected
to the output end of the power equipment, the other end is
connected to the power input of the DUT. The EMI test receiver
and the host computer are in a shielded room, and the data
interaction and parameter setting are carried out through the test
software ELEKTRA. A high-precision photoelectric encoder
was mounted on the shaft of the super-high-speed electric
air compressor as a sensor in this experiment to lessen the
effect of speed measuring technology on the speed fluctuation
of super-high-speed electric air compressors. The encoder
transforms the rotor’s motion into an output pulse signal. Next,
the high-frequency noise in the pulse signal is eliminated and its
amplitude is increased using a signal conditioning circuit that
includes amplifiers and filters. Ultimately, the processed pulse
signal is converted by the frequency measurement circuit into the
super-high-speed electric air compressor’s speed and outputted
by the top computer. First, add the EMI testing receiver
and LISN in the ELEKTRA testing software configuration
interface to ensure normal communication between the upper
computer, the EMI testing receiver, and LISN. Then, export
the corresponding test equipment template in the test template
library, add the correction factor of the LISN and calculate and
compensate for the line loss between the EMI test receiver and
the LISN wiring harness. Finally, set the relevant parameters of
the conducted EMI test in the test configuration interface, the
test frequency range is set to 9–30 MHz, the test mode is set to
the average mode in the conducted EMI test, the test bandwidth
is set to 120 kHz, and the scan rate is set to 2 kHz.

B. Analysis of Experimental Results

To verify the effectiveness of the designed DDPG controller,
SHSEAC speed response experiments and EMI testing ex-
periments were conducted using a dual chaotic space vector
pulse width modulation (SVPWM) (DC-SVPWM) modulator
for DDPG control and a DC-SVPWM modulator for the PID
controller. Obtain the speed response and EMI test results under
two typical operating conditions of target speeds of 97200 and
154350 r/min.
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Fig. 9. Experimental results of conducted EMI testing for SHSEAC. (a) Target
rotational speed of 97200 r/min. (b) Target rotational speed of 154350 r/min.

The EMI curve of the air compressor target speed of
97200 r/min is shown in Fig. 9(a). In the low frequency band,
the peak EMI test with PID-DC and DDPG-DC controllers:
53.14 dB and 66.79 dB, respectively. The EMI suppression effect
under the PID-DC controller is 13.65 dB different from that of
the DDPG-DC controller. In the high-frequency bands, the peak
EMI test with PID-DC and DDPG-DC controllers is 40.43 dB
and 44.93 dB, respectively. The EMI suppression effect under
PID-DC control is only 4.5 dB different from that of DDPG-DC
controllers.

The speed response curve of the SHSEAC with a target speed
of 97200 r/min is shown in Fig. 10(a), for the speed response
experiment under PID-DC and DDPG-DC two different con-
trollers, the SHSEAC reaches the target speed around t = 2.96 s,
but the steady-state performance shows obvious differences.
As shown in the enlarged view of Area A in the figure, at
1.74 s, the SHSEAC gradually shows speed oscillation, and
with the increase of time, the amplitude of the speed fluctuation
increases rapidly, and the PMSM’s control parameters are in
the chaotic area. As shown in the enlarged view of Zone B
and Zone C in the figure, under the PID-DC controller, the
air compressor has been reaching the target speed with a fierce
oscillating speed during the speed regulation, and the final speed
oscillation amplitude even reaches 2205.45 r/min, at which time
the air compressor is in an extremely unstable state. Under the
DDPG-DC controller, the air compressor runs smoothly again
at t = 2.85 s and finally reaches a speed of 97196.23 r/min.
At this time, the air compressor is in a stable state, and the
speed fluctuation amplitude is only 18.68 r/min, which has good
steady-state performance and dynamic performance compared
with the PID-DC controller.

Fig. 10. Experimental results of speed response for SHSEAC. (a) Target
rotational speed of 97200 r/min. (b) Target rotational speed of 154350 r/min.

The conduction EMI curve of the SHSEAC with a target speed
of 154350 r/min is shown in Fig. 9(b). In the low bands, the
peak EMI test with PID-DC and DDPG-DC controllers was
70.97 dB and 76.19 dB, respectively. Compared with DDPG-
DC controller, the effect of EMI suppression under PID-DC
controller is 5.22 dB different. At high frequency bands, the
peak EMI test with PID-DC and DDPG-DC control devices
is 57.05 dB and 51.26 dB, respectively. The effect of EMI
suppression under PID-DC control is 5.79 dB different from
that of the DDPG-DC controller. Under the PID-DC controller,
the EMI suppression effect is good, but the corresponding speed
fluctuation is obvious.

The speed response curve of the SHSEAC with a target speed
of 154 350 r/min is shown in Fig. 10(b). The SHSEAC all reach
the target speed around t = 4.15 s, but the steady-state perfor-
mance shows obvious differences. As shown in the enlarged
view of Area A in the figure, under the PID-DC controller, the
amplitude of the speed fluctuation during the speed increase
process is 457.13 r/min. With the DDPG-DC controller, the
speed fluctuation is 17.72 r/min. As shown in Zone B and Zone
C, under the PID-DC controller, the SHSEAC has been reaching
the target speed with a fierce oscillating speed during the speed
regulation process, and the final speed oscillation amplitude even
reaches 4015.40 r/min, when the SHSEAC is in an extremely
unstable state. Under the DDPG-DC controller, the SHSEAC
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enters the unstable state again at t= 3.24 s, and after the retuning
of the control parameters, the SHSEAC reenters the stable state
at t = 4.02 s, and finally reaches 154350.88 r/min, and the
speed fluctuation amplitude is 19.88 r/min, which has good
steady-state performance and dynamic performance compared
with the PID-DC controller.

VI. CONCLUSION

The main conclusions are as follows.
1) Under the peak speed condition, the EMI amplitudes

of the SHSEAC under the PID-DC controller and the
DDPG-DC controller are 51.26 dB and 57.05 dB, respec-
tively, with a difference of 5.79 dB, both controllers can
suppress electro-magnetic interference from SHSEAC.
Among them, the EMI suppression effect of the PID-DC
controller is better, but the speed fluctuation is violent,
reaching 4015.40 r/min, and the serious speed fluctuation
causes the SHSEAC to operate unstably.

2) After adopting the DDPG-DC controller, the SHSEAC
can accurately achieve the target speed under two typical
working conditions, and the speed fluctuation amplitude is
always kept below the industry standard line of 20 r/min.
The system has good steady-state performance and dy-
namic performance and also has a good performance on
the EMI suppression effect, and the EMI amplitudes of the
DDPG-DC controller and PID-DC controller are 44.93 dB
and 40.43 dB, respectively, underrated speed conditions,
the difference is only 4.5 dB.
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