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Wireless Power Supply Voltage Regulation Control of Implantable
Devices Based on Primary Side MPC

Weihua Chen”, Jiawei Song, and Xiaoheng Yan

Abstract—The wireless power transfer (WPT) system for implantable medical devices has the problem
that the output voltage is difficult to adjust stably in real time without using additional composite
compensation topology and dual-side communication. A primary side control method of WPT system
based on a phase shifted full bridge inverter and continuous control set model predictive control (MPC)
is proposed. First, series-series (SS) structure parameters and fundamental harmonic analysis (FHA)
are used to derive the estimated value of the output voltage and establish the output voltage prediction
model of the system. Then, to obtain the best response of the system, the optimization problem in
the controller is transformed into the problem of solving the minimum value of the cost function, and
the optimal control variable is obtained limited below the gradient descent method. Simulated and
experimental results show that the control system works at a frequency of 200kHz to realize real-
time voltage adjustment, and the steady-state error is within 2%. Compared with the traditional
method, the method reduces the adjustment time by 5-10ms, and voltage overshoot is reduced by
5.3-6.7% when interference factors are dealt with such as load interference and mutual inductance. The
proposed method improves the performance of SS compensated WPT systems to be more suitable for
the applications that require compact and light weight receiver. It provides an effective method to
realize the real-time regulation of the system output voltage.

1. INTRODUCTION

In recent years, Magnetic Coupled Resonant Wireless Power Transfer (MCR-WPT) has been widely
used in solving the power supply problem of implantable medical equipment due to its long transmission
distance and high transmission efficiency [1]. However, MCR-WPT system is susceptible to the change
of mutual inductance and load, resulting in instability of the output voltage. The relatively large
fluctuation of output power prolongs the charging time and increases the psychological burden of
patients [2-4]. To overcome the above shortcomings, new control strategies need to be proposed.
Existing primary side control methods [5-7] usually rely on wireless communication modules. The
voltage signal is passed from the secondary side to the primary side as a reference signal for the controller.
Then, by adjusting the duty cycle of the DC-DC converter, or the phase shift angle, or the operating
frequency of the full-bridge inverter, real-time adjustment of the system voltage is achieved. Although
many papers have made detailed introduction of these methods, there are still some problems to be
solved [8-10]: additional hardware and software cost caused by the wireless communication module,
and the delay of the feedback information which leads to the real-time control being infeasible. Wireless
communication is not suitable in some special conditions, such as in the human body. Some scholars
have analyzed the primary side control method based on parameter estimation for the above problems.
In [11], a load and mutual inductance identification method for parallel compensation IPT system
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based on primary side detection information is proposed. From the established identification model, the
identification result is obtained, but it increased the control complexity and size of the WPT system.
In [12], a multi-parameter estimation algorithm is proposed to identify the load resistance and mutual
inductance from the transmitter information, and more accurate estimated parameters are obtained.
However, it also increased the difficulty of the controller design. In [13], a load identification method
is proposed to calculate active power using reflected impedance theory, and the estimated value and PI
control are combined to achieve output voltage regulation. In [14], a primary-side control method for
WPT is proposed based on a phase-shifted full-bridge inverter. An equation for estimating charging
current and voltage using only primary side parameters is deduced, and voltage regulation is realized
by combining with a double closed-loop PI controller. Most of the above methods use PI controllers,
but the gain link is necessary for these methods, increasing the controlling difficulty. Existing research
on primary side control methods without dual-side communication is still insufficient. Model Predictive
Controller (MPC) [15-19] can precisely control the system according to the mathematical model of the
control object to improve the dynamic response of the system. In addition, it is suitable for nonlinear
systems that do not need to adjust the controller gain. In [20], MPC method is adopted to ensure
the stable operation of the WPT system in the case of rapid changes in the coupling coefficient of the
system. In [21], an MPC is designed to improve the dynamic response of the output voltage. In [22],
an output voltage regulation method based on finite control set model predictive control (FCS-MPC) is
proposed for an MC-WPT system. It has the advantages of intuitive concept, no need for modulator,
and fast dynamic response. However, dual-side communication is still required, and there is a certain
delay.

Therefore, in order to reduce the cost, volume, and complexity by removing the wireless
communication module in the implantable medical equipment, this paper proposes a new primary side
MPC method without double-ended communication, which realizes the real-time voltage adjustment of
the WPT after SS compensation. An equation for estimating the output voltage only using the primary
side parameters is derived as the reference value of the controller. At the same time, in order to enable
the system to achieve stable output quickly during external disturbances such as load or parameter
change, an MPC is designed. By controlling the full-bridge inverter, the control system can adjust the
stable output voltage in real time and reduce the charging time of the device. An effective method
is provided for realizing the real-time stable regulation of the output voltage of the implanted WPT
system.

2. SYSTEM STRUCTURE AND THEORETICAL ANALYSIS

The basic principle of the primary side MPC strategy proposed in this paper is shown in Figure 1.
The full-bridge inverter and full-bridge rectifier consist of four MOSFETs (Q1 ~ @4) and four diodes
(D1 ~ Dy). Capacitive filter C'y ensures stable charging voltage. L,, Ls, Cp,, and C; constitute SS
compensation. The mutual inductance between the coils is M. U, is the system input DC voltage.
ugp is the output voltage of the inverter. The resonant currents flowing through the coil are ip and
ig, respectively. ucp and Rop are the input voltage and input resistance of the full-bridge rectifier.
The output current and voltage are Iy and Uy. Ry is the equivalent load resistance. The estimated
output voltage from the primary side parameters is sent to the controller without using dual-side
communication. Combined with the MPC controller, voltage regulation is achieved by regulating the
full-bridge inverter.

2.1. Inverting and Rectifying Models

The output voltage of the full-bridge inverter circuit is a square wave u4p. Fourier series decomposition
is performed on ugp. Considering that it is symmetrical about the origin, it does not contain DC
components and cosine components only contains sine components. The Fourier series of the leaf
transform is:

too o Nk T
UAB = iUm;ék?lsin<(2k—;1) >sin((2k+1)wt) (1)



Progress In Electromagnetics Research C, Vol. 122, 2022 185

! primary side secondary side

A
. 4
A

in

Four-phase shifted Vo ltage Current
PWM signal acquisition acquisition
T b, 1 1

optimal control
variable

ADC+RMS ‘ ‘ ADC+RMS ‘

l |

‘ Equation(13) H Equation(12) ‘

‘ MPC controller

(24

T (n+1)

" ‘ UOfcst
‘Equation 14> ‘

output voltage
prediction unit

Primary side
control unit

Figure 1. Schematic diagram of the control strategy.

The root mean square (RMS) value Ugp expression of the inverter voltage can thus be written as (2),
where « is the phase shift angle.
22 «

UAB = T COS §Uzn (2)
By adjusting «, Uap is adjusted, and Iy and Uy are also adjusted. Therefore, a phase-shifted H-bridge
inverter is employed to implement the proposed control method. With Fundamental Harmonic Analysis
(FHA) and the law of conservation of energy, the relationship between the rectification and filter circuits
at the receiving end is deduced, including the relationship between Ucp and I; (RMS value) and Rep,

Uo, 1o, R,
2 2v2 8
Up, Ip= I,, Rcp = pRL (3)

Uep = ==
m

T
2.2. Mutual Inductance Model

In Figure 2, Z;, is the equivalent input impedance of the system; R, and R, are the internal resistances
of the primary and secondary coils of the system, respectively. It can be derived from Kirchhoff’s

Voltage Law that
[ Zp  jwM ] I | _ [ Uap ] (4)
JwM  Zs I, 0

In Equation (4), both the primary side impedance and the secondary side impedance of S-S compensation
are expressed as

Zy=Rp+j(wLy—1/wCp), Zs=Rs+ Rp+ j(wLs—1/wCs) (5)
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According to the principle of reflection impedance, the impedance Zrp reflected from the secondary
side to the primary side is:
(wM)®

1
RL+j<WLs_ >+Rs
wCl

The equivalent input impedance Z;, of the system is:

(6)

ZRF =

) 1
From Equations (4) and (5), the resonant currents on the primary and secondary sides are obtained
) Z, .
I,=————"—Uy
P WM + 2,2, .
1 (WM) . (8)

j = - Uag
T (wM)? + Z,Z,
The analysis shows that changes in Ry, affect I,,, and the relationship between I, and Iy or Uy is deduced
through (3), (5), and (8), which suggests that Uy can be regulated by adjusting I, even if Ry, is not
known. It satisfies the assumption that the primary side controller can regulate the output voltage

without a dual-side communication.

Figure 2. Equivalent mutual inductance model.

3. PRIMARY SIDE MPC CONTROLLER DESIGN

To mitigate the dynamic problem caused by the load and other changes in WPT system, MPC scheme is
adopted in this paper. Figure 3 shows a schematic diagram of the MPC method. Based on the feedback
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Figure 3. Schematic diagram of model predictive control.
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of voltage Uy(n), the controller uses a prediction model to predict the output voltage Uy(n + 1) for the
next sampling period of all possible voltage pulse trains. Substitute Uy(n + 1) and its reference value
Up_est into the cost function for evaluation, and select the voltage pulse sequence that minimizes the
cost function as the switching signal applied to the inverter for the next control cycle. By repeating this
process continuously, scroll optimization is done to achieve fast tracking control of Uy. The proposed
controller consists of three main parts: Uy prediction model, cost function, and feedback correction,
which are described in the following subsections.

3.1. Output Voltage Prediction

The battery can be seen as a variable load during charging, calculated by Uy/Iy. During the analysis
of the load identification method, the battery is assumed to be a resistor. Neglecting secondary side
losses, the power delivered to the battery is equal to the power consumed by the real part of Z;,. Active
power P is derived from Equation (7):

Py = I3 Re (Zin) (9)
When the system works in the resonance state, the load Ry, can be expressed as:
72 [ (wM)? I?
Rp=—|—%2-L _R 10
TS PRz (10)

The controller and sensors can calculate and measure Py and I,, and then obtain the estimated value of
the load Ry,. Further, the RMS value of the S-S compensation resonant current i, is derived from (2)—(3)
and (7)—(8).

2v2 (m®R, + 8R
mR, (m?Rs + 8Ry) + 73 (wM) 2

It can be seen from (11) that I, is affected by the load Ry, while I, is controlled by «. Then, the
output voltage Uy is controlled by controlling I,. According to the analysis above, the output voltage
estimation Equation (13) is obtained by combining Equations (10)—(12).

1—w2CLy\° 8 1\’

p:

2\/§Ipr
L (12)
2vV2I,wMR
UO,est - ﬂik—AL (13)

It can be seen from Equation (13) that I, is a measurable variable on the primary side, which can realize
primary side MPC proposed in this paper. The MATLAB simulation results are shown in Figure 4. As
« increases, the resonant current I, and output voltage Uy decrease. Therefore, Up ¢ is estimated as
the reference voltage value of the MPC controller by using the primary side measurable Py, I,,. Voltage
regulation is then achieved by adjusting «.

In order to obtain the voltage prediction model, Equation (13) is discretized to obtain the output
voltage Up(n + 1) in the sampling period of the voltage pulse sequence in the prediction model:

SRrwM U, cos (W)

Uo(n-‘v-l):

w2 M?
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Figure 4. Phase shifted angle versus load resistance. (a) Primary side resonant current and (b) output
voltage.

3.2. Cost Function

In order to minimize the output error and obtain the best response of the system. The cost function is
used to reflect the core of the MPC objective, and the solution of the cost function at each control time
is called a rolling optimization process. Generally, the tracking characteristics of the system output to
the reference input and the constraints during the operation of the system should be taken into account
when the cost function is designed. Therefore, the cost function of model predictive control in this
paper is expressed in the following form:

J (Np,Ng) = Z)\ [Uo (n + k) — User (n + k)] +Z§ [AD (n + k))? (15)

where Np, N¢ are the prediction range and control range of the controller; Up(n) and Use(n) are
the model output value and the reference value; AD, A\(k), §(k), are the control variables and the two
weighting factors. In this controller, to reduce the computational burden, the prediction range is limited
to one step (Np = 1). According to [23], this control range is suitable for voltage tracking in power
electronic systems. The remaining parameters are selected as follows:

Ne =1
1

J(Np,No) =Y [Uo (n+ k) = Uset (n+ k))? +Zé [AD (n+ k)] (16)
k=1

To make the output curve meet the desired target and achieve the purpose of optimization, J is the
cost function that needs to be minimized. Find the second derivative of (16):

07 (Np.No) _,
Ay,

, Y (17)
dy?

The cost function has a minimum value, because the second derivative is positive. So the control
problem is transformed into the problem of minimizing the cost function J under constraints, and the
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optimal value of the control variable can be arranged in increments by Equation (14):

2M2
vyt ) [ R+ —22
R5+72RL
yis

SwMU;y,

1

Qp1) = 2008~ (18)

Optimize the solution to minimize the cost function J, and the optimal value of the phase shift angle
D(n)opt can be obtained by solving the following process:
D (n)opt = argmin (J (Np, N¢))
0 S a(n) S T (19)
AD (n) = Oé(n) - a(n—l)

Equation (16) is a convex optimization problem, and the gradient descent method can be used to solve
the optimal control variable value. The iterative equation of the gradient descent method is as follows:
aJ

L——— 20
"0D (n) (20)

In the equation, L, is the learning rate of gradient descent, and 9.J/0D(n) is the derivative of D(n),

thereby obtaining the optimal control variable D(n),,; for controlling the regulation voltage of the WPT

System.

D (1) ypy = D (1)

opt — opt

3.3. Feedback Correction

In order to ensure the accuracy of the prediction result, it is necessary to perform feedback correction
on the output of the system. The calculation equation of feedback correction is as follows:

e(n—1)=Uy(n—1) — Uset (n — 1)

Yp (n) =Uo (n) + L (e(n—1))
where Up(n — 1) represents the predicted output at time n—1; User(n — 1) represents the actual sampling
value of the system at time n — 1; e(n — 1) is the error value; y,(n) is the actual predicted value of the

system state prediction model at time n; and L is the feedback correction coefficient. Use this error
information to predict future errors and use this to compensate for model-based predictions.

(21)
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Figure 5. Primary side MPC block diagram.
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The controller designed above is shown in Figure 5. The voltage and current are measured by the
sensor. Substitute this into Equation (13) to estimate the output voltage. The estimated output voltage
U,_est is compared with the set reference value, and the obtained error is input to the MPC controller,
and then the optimal control variable of the system can be calculated according to Equation (20) to
adjust the output voltage of the system.

4. SIMULATION VERIFICATION

According to the previous analysis, the primary side MPC controller is designed, and the proposed
control method is verified by MATLAB/Simulink. The simulation circuit model as shown in Figure 1
is built, and the control algorithm and the simulation model form a closed control loop to verify the
effectiveness of the proposed method. At the same time, it is compared with the traditional control
method PID control and MPC using bilateral communication, proving the superiority of the primary
side MPC. Set the simulation parameter sampling time to 0.001s, and the prediction range and control
range values are both 1. The output voltage deviation has a weight of 0.9, and the incremental weight
of cos(a) is 0.1. The rest of the system simulation parameters are shown in Table 1.

Table 1. System parameter.

symbol Parameter Value
f Rated system working frequency 200 kHz
Lp Transmitter coil inductance 30 uH
Rp Transmitter coil resistance 0.16 Q2
Lg Receiver coil inductance 30 uH
Rg Transmitter coil resistance 0.16 Q2
Cp Compensation capacitor 21.109 nF
Cs Compensation capacitor 21.109 nF
Ry, Equivalent load resistance 8-16 2
M Rated mutual 7.52 uH
Cy Filter capacitor 47 uH
Ux Battery voltage range 15-25V

According to the theoretical analysis in Section 3, the validity of the algorithm and the accuracy of
the load estimation are verified. In Figures 6 and 7, the solid line is the setting curve, and the dashed
line is the system output curve. Figure 6 shows the set and estimated load resistance values. Ry can
track the set point well, and the maximum error is 1.9%. Figure 7 shows the tracking effect of the
system output voltage. Except the deviation in the change stage of the set value, the voltage prediction
value in the whole stage can better track the set value. The effectiveness of model predictive control in
dealing with nonlinear and constrained systems is verified.

After the algorithm verification, the necessity of closed-loop control needs to be verified in the
circuit. Configure the electrical parameters as shown in Table 1, and set the simulation time to 0.15s.
Set the reference voltage to 15V, reduce the resistance value from 162 to 82 in 0.075s, and compare
and simulate with the traditional method. The simulation results are shown in Figure 8. Compared
with the traditional control method, the adjustment speed of the primary side MPC scheme is faster
and can reach the set value in 0.015s, and when a disturbance occurs, the controller returns to the set
value within 10ms. The output of the device is stable at 15.09-15.23 V, and the steady-state error is
1.5%. Meanwhile, the output voltage under the traditional MPC and PID controllers has fluctuations
of £2.2% and +3%. The method proposed has higher control precision and faster adjusting speed.

To verify the ability of the proposed control strategy to track the change of mutual inductance, the
reference voltage is set to 15 V; the mutual inductance M is reduced from 7.52 uH to 4.72 uH in 0.075s;
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and the system dynamic performance simulation is carried out. The simulation results are shown in
Figure 9. When the disturbance occurs, the voltage of the method proposed recovers to 14.76-14.92 V
after a transient response of 12ms. Under transient conditions, the voltage overshoot of the MPC scheme
is lower than that of the PID controller due to inductance changes. All three methods have obvious
fluctuations after stabilization among which the method in this paper has relatively small fluctuations.
The controlling process of the proposed controller is significantly faster and smoother than traditional
control strategies.

To verify the anti-parameter interference ability, the initial value is set to 21V, and the reference
value is changed to 15V in 0.075s. By changing the operating frequency to 100 kHz and 300 kHz, the
remaining parameters are the same as in Table 1, and the anti-parameter interference characteristics
of the system are observed to verify the robustness of the system. The simulation results are shown
in Figure 10. From Figure 10(a), it can be seen that there is high frequency oscillation in the output
voltage of the PID controller whose resonant frequency changes, and a stable output voltage cannot
be maintained. It can be seen from Figure 10(b) that using the MPC controller, when the resonant
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frequency changes by 300 kHz and 100 kHz, the overshoot of the system becomes larger, and the output
steady-state error is 4.7% and 3.5%, respectively. Compared with the PID controller, although the
steady-state error of the controller increases when the system resonance parameters change, the control
strategy of the proposed method still has a certain ability to adjust the output voltage.

5. EXPERIMENTAL STUDIES

The sampling frequency of the experimental prototype in this paper is 200kHz. According to
the experimental device of the corresponding implantable wireless power transmission system, the
experimental circuit diagram is shown in Figure 11. The MPC is implemented with TMS32F334,
inverter, and rectifier, using MOSFET (Infineon IRFP15N60L) and diode (Fairchild FFA60UP30DN),
respectively. The selection of the size of the transmitting and receiving coils is 20 x 20 mm?, and the
other parameters are shown in Table 1. To verify the effectiveness of the controller, the regulation
ability and anti-disturbance ability of the system are respectively verified.
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Figure 11. Experimental circuit.

5.1. Steady State Experiment

Figure 12 shows the steady-state working waveform of the method proposed in this paper. Under the
condition that the load resistance is 16 2, and the input voltage is 5V, the output voltage distribution of
the inverter is observed. The waveform distribution is relatively regular, which proves the steady-state
performance of the designed controller good.

During the steady state experiment, the estimated output voltage of the SS compensation controlled
by the phase shift angle o was measured, and the results are plotted in Figure 13. As can be seen from
the figure, the estimated output voltage is basically consistent with the measured value. The results
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show that as the load resistance increases, the pass phase shift angle increases to maintain a constant
output voltage. Among them, the estimation accuracy of Up is limited by the following factors: the
measurement error of the sensor and calculation error of the controller. Nonetheless, both simulated
and experimental results verify the feasibility of the primary-side control method.

5.2. Dynamic Experiment

In order to verify the dynamic performance of the proposed method, the output voltage is set to 10V,
and then the reference voltage is suddenly changed to 15V. After that, the output voltage curve and
inverter voltage curve are observed. It can be seen from Figure 14 that after the set voltage is changed
to 15V, the voltage regulation is completed within 0.03s. It shows that the controller has a certain
voltage regulation ability, and the steady-state error is 2.3%.

Under the MPC scheme and PID control scheme, the output voltage is set to 15V and Ry, = 16 w.
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Then change the load to 82, and observe the voltage output curve and the inverter output voltage
curve. The experimental results are shown in Figure 15. After the system load becomes 8 {2, the system
output voltage is reduced, and it is restored to 15.51V in a short time. The steady-state error is 3.4%.
Compared to the PID solution, the overshoot of the method is lower. It shows that the system can cope
with the effect of load disturbance on the voltage and can quickly stabilize the output voltage to the
set value.

The output voltage is set to 15V, and the mutual inductance of the coupling coil is 7.52 uH by
testing in static state. The coil is then shifted laterally by 0.5cm. The measured mutual inductance
becomes 4.72 uH at this time. Observe the voltage output curves of the two control schemes and the
inverter voltage curves. The experimental results are shown in Figure 16. When the mutual inductance
decreases, the output voltage stabilizes to 15.2 V within 0.04 seconds, and the steady-state error is 1.3%.
The steady-state error of the PID control method reaches 5.4%. It shows that the controller can cope
with the influence of mutual inductance disturbance on the voltage.
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6. CONCLUSION

In this paper, a primary side MPC scheme is proposed for the real-time control of the output voltage
of the implanted WPT system. The main research work includes:

(1) Taking the WPT system with S-S structure as an example, the output voltage is estimated
by the primary side parameters without using dual-side communication of the system and fundamental
harmonic analysis (FHA). The feasibility of primary-side model predictive control is analyzed.

(2) The output voltage prediction model of the system is established. In order to obtain the best
response of the control system, the output optimization problem is converted into the problem of solving
the minimum value of the cost function, and the gradient descent method is used to solve the optimal
control variable. Compared with the traditional control method, the MPC controller based on this
design does not need a modulator and has a fast and smooth dynamic transient response.

(3) Finally, the simulation and experimental verification of the controller are carried out. The
results show that the proposed control strategy can track the reference voltage accurately and quickly.
Compared with the traditional control method, the proposed method has good robustness to the load
and mutual inductance disturbance of the system, and the steady-state error is within 2%. The
adjustment time is reduced by 5-10 ms, and the voltage overshoot is reduced by 5.3-6.7%. The accuracy
is improved by 1-3%, and the change in resonance parameters still has a certain adjustment ability,
which provides an effective method for realizing the primary side control of the output voltage of the
implanted WPT system.
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