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Abstract

:

With the development of power electronic technology, adding bidirectional DC/DC to the DC side of the motor controller has become an effective way to broaden the speed of motors. However, the motor drive system integrated with bidirectional DC/DC increases the switching loss and current harmonics of the inverter. Therefore, in this paper, a method based on fixed space vector pulse width modulation (SVPWM) modulation index and voltage instruction compensation are proposed, In this method, by considering the back electromotive force of the motor and the security margin of the weak magnetic region, the output voltage command amplitude of the current loop and the limit value of the inverter output is judged, and the optimal inverter input voltage is obtained, which effectively reduces the switching loss of the inverter, broadens the high efficient area of motor operation, and improves the efficiency of the controller. At the same time, the standardized benchmark composed of motor parameters is used to per-nit the permanent magnet synchronous motor (PMSM) mathematical model, which is helpful for the derivation of the formula and dramatically simplifies the calculation amount of the microcontroller. Moreover, the simulation and experimental results prove the effectiveness and feasibility of the algorithm.
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1. Introduction


With the goals of carbon peak and carbon neutralization put forward by countries worldwide, the development of new energy vehicles has become an important strategy to implement the requirements of national energy conservation and emission reduction and the development of a low-carbon economy [1]. At present, the green travel mode of electric motorcycles has been widely popularized in small and medium-sized cities. With its advantages of light and compact, superior performance and flexible control, it has gradually become the key development direction in electric vehicles in the future [2]. An electric motorcycle requires that the driving motor has the characteristics of small volume, lightweight, ample output torque at low speed, wide operating speed range, easy speed expansion and so on. Based on the above requirements, PMSM is a drive motor type suitable for electric motorcycle applications [3,4,5,6].



Considering the cost, volume and other factors in the design of an electric motorcycle, the battery voltage is usually not high, which makes it difficult for the vehicle PMSM to have a wide speed regulation range, which affects the high-speed driving performance of an electric motorcycle. Therefore, some scholars have proposed that the front stage of the inverter be connected in series with a bidirectional DC/DC converter, the DC bus voltage raised without increasing the number of battery sets in series, the output voltage limit of the inverter increased, the constant torque operation area of the motor expanded, and the PMSM having a broader speed regulation range combined with field weakening control [7,8,9,10,11,12,13]. Therefore, the research on the control strategy of PMSM drive systems integrating bidirectional DC/DC is of great significance to broaden the high-speed operation range of electric motorcycles.



To realize the optimal control of the PMSM drive system with bidirectional DC/DC integration, many scholars and experts began to devote themselves to this research. In [14] researchers adopted the method of adjusting the bus voltage of the motor according to the speed of the motor, which enabled the DC/DC converter to adjust the bus voltage in time according to the operating conditions of the motor, and improved the voltage utilization rate, but the system parameters were easily affected, and the dynamic performance of the system was poor. In [15] researchers adopted the voltage disturbance state filter (VDSF) to estimate the calculation error of DC bus voltage caused by parameter errors and spatial harmonic effects, which improved the stability of voltage instruction and ensured the calculation accuracy of the minimum bus voltage of the motor in a steady-state but did not consider the fluctuation of DC bus voltage. In [16] researchers adopted a boost strategy combining active thermal management with dynamic link voltage adaptation, which ensured the reliability of the drive system but did not consider the voltage safety margin in the weak magnetic region, which could not guarantee the dynamic performance of the motor when the working conditions changed. In [17] researchers adopted the method of calculating the required minimum DC bus voltage in real-time according to the mathematical relationship between DC bus voltage and back electromotive force and compared it with the current bus voltage. When the required minimum bus voltage command value is close to the DC bus voltage value, the DC bus voltage is increased by an appropriate voltage value, which avoids the fluctuation of DC bus voltage value to some extent and improves the dynamic performance of the motor, but the selection of voltage value depends on engineering experience. Therefore, the bus voltage adjustment should consider the minimum bus voltage required by the motor drive system and ensure the dynamic performance of the motor.



The PMSM drive system integrated with bidirectional DC/DC improves the constant torque region of the motor through bus voltage boosting, which can widen the speed region of an electric motorcycle to a certain extent. However, it still needs to use flux weakening control to realize a wider speed range, allowing the motor operating region to transition from the constant torque region to the constant power area [18]. In [19,20,21] researchers adopt the traditional voltage regulation method of flux-weakening control, which usually feeds back the voltage command amplitude output by the current regulator to the voltage control loop to make a difference with the fixed maximum output of the inverter, to judge the starting point of the flux-weakening region, and then generates a negative current control quantity after PI regulation, to achieve the purpose of flux-weakening control. This method is independent of parameters, simple and easy to use, but the robustness in the flux-weakening region needs to be improved. In [22] to solve the problem that insufficient voltage margins at the weak magnetic points easily cause current loop saturation, the arc voltage locus method is used to realize the smooth transition of the induction motor from the base speed region to the weak magnetic area, but the calculation is complicated, and part of the voltage utilization ratio is sacrificed. Therefore, when the bus voltage regulation enters the weak magnetic area, it is also necessary to consider the saturation runaway of the current loop.



Therefore, this paper proposes an integrated bidirectional DC/DC PMSM drive system control strategy considering the optimal bus voltage regulation and the starting point of the weak magnetic region. The main contributions are as follows: (1) By introducing the SVPWM modulation, according to the operation of the motor, the relationship between the input voltage of the inverter, the voltage security margin of the weak magnetic region and the speed change is obtained when the weak magnetic region is running; (2) Using the voltage command compensation, the current loop output voltage instruction amplitude and the inverter output limit value are judged, and the corresponding voltage compensation value is obtained, which improves the robustness of the weak magnetic region; (3) The use of a motor per-unit model to reduce the operational burden of integrated bidirectional DC/DC drive system microcontroller makes it more attractive for industrial applications.



The organization of this paper is as follows: Section 2, the standardized benchmark, composed of motor parameters, is used to per-unit the PMSM mathematical model, and relationships between the PMSM operating point and motor speed are presented. Section 3, the proposed method based on the fixed SVPWM modulation index and voltage command compensation is introduced for the PMSM drive control system integrated with a bidirectional DC/DC. Section 4, the simulation and experimental results of side-mounted PMSM based on an electric motorcycle are given. Section 5 provides the final comments of this paper.




2. Per-Unit Model and Electrical Limitation of IPMSM


2.1. Permanent Magnet Synchronous Motor Per-Unit Model


When analyzing the PMSM controlled by a sine wave, the most commonly used models are the d-q axis mathematical models, which can be used not only to analyze the steady-state operation performance of the sinusoidal PMSM but also to analyze the transient performance.



To establish the d-q axis mathematical model of sine wave PMSM, first of all, suppose:




	(1)

	
Ignoring the core saturation effect, regardless of eddy current and hysteresis loss;




	(2)

	
Ignoring leakage inductance of motor winding;




	(3)

	
No damping winding on the rotor;




	(4)

	
The permanent rotor magnet magnetic field is sinusoidally distributed in the air gap space, and the induced potential in the stator armature winding is also sinusoidally distributed.









Therefore, the stator voltage dynamic equation of PMSM can be expressed as:


   u d  =  R s   i d  +  L d    d  i d    d t   −  ω e   L q   i q   



(1)






   u q  =  R s   i q  +  L q    d  i q    d t   +  ω e   L d   i d  +  ω e   λ m   



(2)




where    u d   ,    u q   ,    i d   ,    i q    and    L d   ,    L q    are the stator voltages, stator currents and stator winding inductances in the d-q axis;     R s    is the stator resistance;    λ m    is the permanent magnet flux;    ω e    is the electrical angular velocity;



The electromagnetic torque expression is:


   T e  =  3 2   n p   i q  [ (  L d  −  L q  )  i d  +  λ m  ]  



(3)




where    n p    is the pole number of motor;



When analyzing the output characteristics of PMSM, the steady-state equation of the motor is often used. After ignoring the relatively small stator resistance, the stator voltage steady-state equation is:


   u d  = −  ω e   L q   i q   



(4)






   u q  =  ω e   L d   i d  +  ω e   λ m   



(5)







The working point position of the PMSM is limited for two reasons. On the one hand, the safe working area and heat dissipation conditions of the device limit the current amplitude; on the other hand, the DC side voltage determines the output voltage amplitude of the inverter.



The maximum available current is defined as:


   i d 2  +  i q 2  ≤  i  s ⋅ max  2  = min    I  m o t o r ⋅ max   ,  I  I n v ⋅ max   ,  I  b a t ⋅ max      



(6)







The maximum available voltage is defined as:


    u  d 2  +   u  q 2  ≤   u   s ⋅ max  2  =         V   d c ⋅ max      3       2   



(7)




where       V   d c ⋅ max      3      is the maximum value of the voltage vector amplitude of the motor working in the SVPWM linear modulation area.



The use of motor parameter composition per-unit reference is helpful to the derivation of motor operation theory and simplifies the analysis of the base speed region and weak magnetic region, and reduces the calculation burden of the microcontroller. Table 1 shows the reference values of the per-unit system used in this paper.



The reference value of the per-unit system is mainly composed of motor parameters and voltage constraints in Table 1, without current, torque, speed and other working conditions. In addition, Table 1 provides the basis for selecting the per-unit, so it is easy to judge the influence of motor parameters on the variable by the per-unit benchmark of a variable. The physical meaning of the current reference is the characteristic current corresponding to the center of the voltage limit circle;    ω B    is the no-load back electromotive force of PMSM reaching the electric angular velocity of    V  b a t    ;  ξ  represents the convexity of the motor. The motor equation is standardized by using the per-unit benchmark of Table 1.



The stator voltage steady-state equation of PMSM after per-unit is:


   u  d n   = −   ω  n  ⋅  i  q n   ⋅ ξ  



(8)






   u  q n   =  ω n  ⋅  i  d n   +  ω n   



(9)







The torque equation of permanent magnet synchronous motor after per-unit is:


    T   e n   =   i   q n   + ( 1 − ξ ) ⋅   i   d n   ⋅   i   q n    



(10)







The current limit circle equation after per-unit is:


    i   d n  2  +   i   q n  2  =   i   s n  2  ≤    i  s ⋅ max  2     I B     



(11)







The voltage limit elliptic equation after per-unit is:


        i   q n    2           V  d c ⋅ max      3  ⋅  V B    ⋅  1   ω n  ⋅ ξ      2    +     (   i   d n   + 1 )  2           V  d c ⋅ max      3  ⋅  V B    ⋅  1   ω n       2    ≤ 1  



(12)




where the variable with subscript n is the per-unit.




2.2. Operating Limits of Permanent Magnet Synchronous Motor


When PMSM works below the base speed, the MTPA control strategy is usually used to reduce the system loss. The MTPA control strategy can minimize the amplitude of the stator current vector under the given torque of the motor, reduce the copper consumption of the motor and improve the utilization rate of torque. When the PMSM works above the base speed, the speed of the motor is limited by the armature voltage. To continue to increase the speed, the flux weakening control strategy is usually used, and the demagnetization of the PMSM is used. Under constant back electromotive force, the air gap flux is reduced to achieve the purpose of increasing the speed.



Figure 1 depicts the characteristic curve of the PMSM. On the    i  dn    −   i  qn     plane, Equation (11) can be defined as a circle, which is called a current circle. Equation (12) can be defined as an ellipse, which is called the voltage limiting ellipse. Therefore, under a fixed current circle, to obtain the maximum torque, the working point of the motor should move along the current circle from point a to point B, and then from point B to point C. under the rated current, the critical speed from zone Ⅰ to zone Ⅱ is called the base speed of the motor, which is represented by the symbol    ω b   . From zone Ⅱ to zone Ⅲ the critical speed is called the zone Ⅲ critical speed of the motor and is represented by the symbol    ω c   .



According to the definition of the MTPA line and MTPV line, their expressions of can be obtained by the equal slope method. From (10), the tangent slope on the equal torque curve is:


    d   i   q n     d   i   d n     = −   ( 1 − ξ )   i   q n     1 + ( 1 − ξ )   i   d n      



(13)







From (11), the tangent slope on the current circle is:


    d   i   q n     d   i   d n     = −     i   d n   + 1     ξ  2    i   q n      



(14)







From (12), the tangent slope on the voltage ellipse is:


    d   i   q n     d   i   d n     = −     i   d n   + 1     ξ  2    i   q n      



(15)







Combining (13) and (14), the expression of the MTPA line can be obtained as:


  ( 1 − ξ ) ⋅   i   q n  2  =   i   d n   + ( 1 − ξ ) ⋅   i   d n  2   



(16)







Combining (10) and (15), the expression of the MTPV line can be obtained as:


  ( 1 − ξ ) ⋅   i   q n  2  =  1    ξ  2    (   i   d n   + 1 )   1 + ( 1 − ξ ) ⋅   i   d n      



(17)







When the motor runs at less than the critical base speed    ω b   , it can simultaneously satisfy the current circle, voltage ellipse and MTPA curve equation. Combining (11), (12) and (16), the value of motor base speed can be solved:


    ω   b n   =   ω   b n   (   i   s n   , ξ ) =    V  d c ⋅ max      3  ⋅  V B    ⋅   1 +     i   s n  2  ( 1 +   ξ  2  )  4  +   ( 3 − ξ ) ( − 1 +   1 + 8   ( 1 − ξ )  2    i   s n  2    )   8 ( 1 − ξ )      



(18)







When the weak magnetic region Ⅲ exists (   i  sn     > 1) and the motor runs at the critical speed    ω c    of region Ⅲ, the current circle, voltage ellipse and MTPV curve equation can be satisfied simultaneously. Combining (11), (12) and (17), the three-zone critical speed of the motor can be solved.


     ω   c n   =   ω   c n   (   i   s n   , ξ )    = −    2    2 ξ   ⋅    V  d c ⋅ max      3  ⋅  V B    ⋅       4  i  s n  2  + 1      ξ 2  + 1     ξ − 1   +  ξ 2    ξ − 3   + 4 +   3 ξ − 1     4  i  s n  2     ξ 2  + 1       ξ − 1    2  + 4 ξ − 3       4  i  s n  2  + 1     ξ − 1   +  i  s n  2    7 − 5 ξ   − 2       



(19)







In summary,     i   d q n     represents the working point of the PMSM in the d-q axis coordinate systems. When the PMSM is working, the working point      i  d n   ,  i  q n       can be expressed as a piecewise continuous function varying with speed. The operating point of region Ⅰ has nothing to do with speed, and region Ⅲ has nothing to do with the current.


    i   d q n   =   i   d q n   (   i   s n   , ξ ,   ω  n  ) =       i   d q n − I   (   i   s n   , ξ )       ,   ω  n  ≤   ω   b n         i   d q n − I I   (   i   s n   , ξ ,   ω  n  )   ,   ω   b n   <   ω  n  <   ω   c n         i   d q n − I I I   ( ξ ,   ω  n  )     ,   ω   c n   ≤   ω  n  ,   1 >   i   s n        



(20)









3. The Proposed Control Method


3.1. Fixed SVPWM Modulation Index Algorithm


In the vehicle PMSM drive system integrated with the bidirectional DC/DC, the greater the boost of the bidirectional DC/DC converter, the greater the switching loss, the higher the DC bus voltage, and the greater the switching loss of the motor inverter. The higher the SVPWM modulation system at the same speed, the lower the voltage harmonic content and the lower the current harmonics of the motor output phase. The bidirectional DC/DC converter cannot always boost the bus voltage to the highest bus voltage, but automatically adjusts the DC bus voltage according to the operation needs of the latter motor.



According to (8) and (9), the back electromotive force of PMSM is proportional to the motor speed, so the minimum bus voltage    u s    required to maintain the current speed stability of the motor can be calculated by (8) and (9). As shown in Figure 2, when the rotational speed is lower than    ω  b n 1    , the input voltage of the inverter is the battery voltage    V  b a t    ; when the speed is above the base speed    ω  b n 1    , the input voltage of the inverter is adjusted with the motor speed; when the rotational speed is higher than    ω  b n 2    , the input voltage of the inverter is    V  d c . m a x    . Therefore, the input voltage of the inverter can be expressed as a piecewise continuous function varying with speed.


   V  d c   =        V  b a t         △ u +  u s        α ⋅  V  b a t                             ,     ,     ,         ω n  <  ω  b n 1          ω  b n 1   ≤  ω n  <  ω  b n 2          ω  b n 2   ≤  ω n       



(21)




where    ω  b n 1     is the basic speed of the motor when the input voltage of the inverter is the battery voltage,    ω  b n 2     is the basic speed of the motor when the input voltage of the inverter is DC/DC, which can output the maximum voltage,   Δ u   is the safety margin of the voltage in the weak magnetic region,  α  represents the maximum multiple of the boost of the drive system.



According to the above analysis, the dynamic regulation of bus voltage not only needs to consider the current motor running state but also needs to consider the voltage safety margin   Δ u   in the weak magnetic region, to avoid loss of control caused by current control output voltage saturation. However, the voltage safety margin   Δ u   is set by engineers with experience; it is difficult to quantitatively analyze its voltage size.



To achieve the above boost purpose, this paper proposes a method of fixed SVPWM modulation. By introducing SVPWM modulation, the motor back electromotive force and the safety margin of the weak magnetic area are quantified. SVPWW modulation can be expressed as the ratio of the motor back electromotive force to the inverter input voltage. The higher the SVPWM modulation is, the closer the input voltage of the inverter is to the motor back electromotive force and the more minor switching loss of the inverter. The input voltage of the inverter is composed of the voltage safety margin of the weak magnetic region and the required minimum bus voltage. Therefore, by setting a higher SVPWM modulation system, the low switching loss and phase current harmonics of the inverter are guaranteed. The voltage safety margin of the weak magnetic region is appropriate to avoid causing current loop saturation.



The SVPWM linear modulation system can be expressed as:


  m =      u s         V  d c      3       



(22)




where the range of  m  is 0–1,    u s    is the amplitude of the phase voltage, namely, the minimum bus voltage required to maintain the current speed stability of the motor, and    V  d c     is the DC bus voltage, namely, the input voltage of the inverter.



The transfer function diagram of the proposed SVPWM modulation method is shown in Figure 3. The output of the modulation control loop is the voltage given value of the bidirectional DC/DC.



Where    m  ′   *   is the reciprocal    m  ′   * =  1   m *      of a given modulation    m *   ;    V  d c   *     is the voltage provided value of bidirectional DC/DC;    G s    is the reciprocal    G s  =  1   3   u  s n       of voltage vector    u  s n    .



The control flow chart of the fixed SVPWM modulation method is given as shown in Figure 4. Firstly, to ensure the stability of the bus voltage adjustment area, the modulation system is set to    m *   , and the Simultaneous (8), (9) and (22) calculations of the SVPWM modulation system under the current-voltage operation condition are compared with the setting modulation system. If not exceeding, the output voltage is battery voltage. If more than, the constant, the SVPWM voltage regulation is carried out, and the bus voltage required for the motor operation condition to maintain the setting regulation is obtained by (22). When the required bus voltage reaches the maximum output voltage of DC/DC, the bus voltage remains the maximum.




3.2. Voltage Command Compensation Algorithm


From the analysis in Section 2.2, it can be concluded that when the motor speed is lower than the base speed    ω  b n    , the working point of the motor is on the MTPA. When the speed is higher than the    ω  b n    , in order to continue to rise, weak magnetic control must be used. In the weak magnetic region, the voltage vector amplitude is close to the output voltage limit of the inverter. In the transient process, the output voltage instruction of the current loop sometimes exceeds the output voltage limit of the inverter due to external interference and other factors. At this time, the d-q current loops are saturated and highly coupled, which affects the current following ability of the control loop, resulting in the increase of current harmonics and the imbalance of current. If serious, it will cause the system to shut down.



In this regard, this paper adopts a voltage instruction amplitude compensation algorithm, as shown in Figure 5, which is the control flow diagram of the algorithm. The current loop output voltage instruction amplitude is compared with the inverter output limit. If not exceeded, no compensation is needed; otherwise, the voltage instruction will be compensated. The q-axis expected voltage obtained by simultaneous Equations (8) and (9) and (11) replaces the q-axis voltage output by the current loop. If the corrected voltage instruction amplitude is still lower than the limit value, the d-axis voltage output by the current loop is compensated. This method has a certain inhibitory effect on the saturation of the output voltage instruction value of the current loop in the weak magnetic region.





4. Simulation and Experimental Analysis


4.1. Simulation Results and Analysis


To verify the effectiveness of the proposed strategy, the simulation model is established in MATLAB/Simulink. The parameters of PMSM are shown in Table 2, where the foremost parameters are to be defined in the per-unit system are   ξ = 2.09   and    i  sn   = 1.42 p . u  .



The motor drive topology of a traditional battery directly connected inverter is directly supplied by a battery with a rated voltage of 60 V. The motor drive topology of the inverter integrated with bidirectional DC/DC is provided by DC/DC, as shown in Figure 6. Considering the battery voltage and the withstanding voltage level of the MOSFET inverter, the output voltage range of the bidirectional DC/DC converter is 60 V–85 V. The modulation index control loop works in the linear modulation area of SVPWM. Considering the minimum operating voltage of the motor and the low harmonic distortion under the high modulation index, this paper sets the modulation index as 0.92.



Figure 7 shows the external characteristic simulation of PMSM with traditional topology and bidirectional DC/DC topology. As shown in Figure 7a, under the traditional motor topology,    ω n  = 0.08  p.u. begins to enter the weak magnetic region from the base velocity region. The output power of the constant power region is 0.54p.u. After the bidirectional DC/DC topology is added,    ω n  = 0.115  p.u. enters the weak magnetic area, and the output power of the constant power region is 0.62p.u. The simulation results show that adding bidirectional DC/DC can expand the constant torque region of the motor, improve the output power of the motor in the constant power region and improve the driving performance of the motor. As shown in Figure 7b, at the same speed in the weak magnetic area, the bidirectional DC/DC topology has a smaller negative id current, which reduces the copper loss of the motor. At the same time, the motor can obtain a higher speed without running in the deep weak magnetic region, which ensures a wide speed range.



Figure 8 shows the inverter loss simulation of the traditional boost algorithm with bidirectional DC/DC topology and the proposed SVPWM boost algorithm. As shown in Figure 8a, under the traditional boost algorithm, the inverter loss is 0.015p.u. when the motor fundamental speed region    ω n  = 0.08  p.u.,    T  e n   = 3.5  p.u. and the inverter loss is 0.0155p.u. when the boost region    ω n  = 0.1  p.u.,    T  e n   = 3.5  p.u. As shown in Figure 8b, under the same motor working condition under the boost algorithm, the inverter losses are 0.014p.u. and 0.015p.u. The simulation results show that the boost algorithm reduces the inverter loss in the fundamental speed region and the boost region, it ensures the efficient output of the inverter.



Figure 9 shows the simulation of the stator voltage d-axis component and three-phase current waveform before and after the voltage instruction compensation algorithm is added. As shown in Figure 9a, before the voltage command compensation, at 0.09 s it begins to enter the flux-weakening region from the base velocity region. At this time, the voltage spike of 0.2p.u. appears in the d-axis component of the stator voltage, resulting in the unbalanced three-phase current, as shown in Figure 9c. In Figure 9b, adding voltage instruction compensation, 0.09 s from the base speed region into the weak magnetic area, the stator voltage d axis component appears as a 0.02p.u. voltage spike, the three-phase current imbalance has been improved as shown in Figure 9d. The simulation results show that the voltage instruction compensation can effectively reduce the three-phase current imbalance when the motor enters the weak magnetic region from the base speed area and ensures the smooth operation of the motor.




4.2. Experiment Results and Analysis


To further verify the effectiveness and feasibility of the proposed control strategy for the PMSM drive system integrated bidirectional DC/DC, an experimental platform is built, as shown in Figure 10. The motor used in the experiment has a deceleration mechanism, and the deceleration ratio is 8.33. The specific parameters are shown in Table 2.



Figure 11 shows the external characteristic experimental waveforms of the PMSM with traditional topology and bidirectional DC/DC topology. Under the traditional motor drive topology, when    ω n  = 0.08  p.u., it begins to enter the flux-weakening region from the base velocity region, and the output power of the constant power region is 0.53p.u. After adding the bidirectional DC/DC topology, when    ω n  = 0.115  p.u., it enters the flux-weakening area, and the output power of the constant power region is 0.61p.u. The experimental results show that adding bidirectional DC/DC can expand the constant torque area of the motor, improve the output power of the motor in the constant power area, and improve the driving performance of the motor. The feasibility of adding bidirectional DC/DC topology is verified.



Figure 12 shows the inverter efficiency MAP experimental results of the traditional algorithm and the fixed SVPWM modulation algorithm. As shown in Figure 12a, when the traditional algorithm      ω n  = 0.08  p.u.,    T  e n   = 3.5  p.u. the inverter efficiency in the base speed region is 88%, and when    ω n  = 0.1  p.u.,    T  e n   = 3.5  p.u. the inverter efficiency in the boost region is 93%, and the proportion of inverter efficiency greater than 95% reaches 12.5%. As shown in Figure 12b, under the same working conditions, the efficiency of the inverter in the base speed region of the fixed SVPWM modulation algorithm is 90%, and the efficiency in the boost region is 94%. The proportion of the inverter efficiency greater than 95% reaches 30.1%. The experimental results show that the efficiency of the inverter in the base speed region and the boost region is increased by 2% and 1%, respectively. The area of the efficient region of the inverter is expanded by nearly 17.5%, indicating that the proposed algorithm can obtain a higher and more stable efficient region, which verifies the correctness of the theoretical analysis and simulation.



Figure 13 shows the experimental results of the phase A current waveform, and THD value before and after the voltage instruction compensation algorithm is added. as shown in Figure 13a,c, before adding voltage instruction compensation algorithm in the boost area    ω n  = 0.1  p.u.,    T  e n   = 3.5  p.u., the A-phase current waveform harmonic is larger and the waveform is unbalanced, and the THD value is 9.89%. As shown in Figure 13b,d, the harmonic and balance problems of the A-phase current waveform with the voltage instruction compensation algorithm under the same working conditions have been effectively improved, and the THD value is 5.34%. The experimental results show that the proposed algorithm can effectively reduce the current harmonics and improve the unbalanced current waveform, ensuring the control performance of the motor.



The experimental results are verified with the theoretical and simulation results, reflecting the superiority and feasibility of the proposed SVPWM modulation and voltage command compensation method for PMSM drive control integrated with bidirectional DC/DC.





5. Conclusions


In this paper, a method based on fixed SVPWM modulation and voltage instruction compensation is proposed, which is used to integrate the bidirectional DC/DC permanent magnet synchronous motor (PMSM) drive control system to effectively reduce the switching loss of the inverter and the current harmonics in the weak magnetic region. By optimizing the input voltage of the inverter, the efficiency of the inverter is improved. Experiments show that the efficiency of the inverter in the base speed area is increased by 2% by using the fixed SVPWM modulation method, the efficiency of the inverter in the boost area is increased by 2%, and the efficient region of the inverter is expanded by 17.5%. The current harmonic in the weak magnetic area is reduced by 4.55% by using the voltage instruction compensation method, which proves the effectiveness and feasibility of the proposed algorithm.
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Figure 1. Characteristic curves of PMSM. 
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Figure 2. Required system voltage with mechanical speed. 
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Figure 3. Transfer function block diagram of the fixed SVPWM modulation method. 
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Figure 4. Control flow diagram of the fixed SVPWM modulation method. 
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Figure 5. Control flow chart of voltage comment compensation. 
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Figure 6. Block diagram of the control strategy for motor drive topology with integrated bidirectional DC/DC. 
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Figure 7. External characteristic curve and negative id current of traditional topology (T1) and motor drive topology with bidirectional DC/DC (T2). (a) Torque-velocity curve (blue), power–velocity curve (red) of T1 (virtual line) and T2 (solid line). (b) Velocity-negative current id curve of T1 (virtual line) and T2 (solid line). 
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Figure 8. Inverter loss of traditional boost algorithm and the proposed boost algorithm of SVPWM modulation scheme (a) traditional algorithm (b) fixed SVPWM modulation algorithm. 
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Figure 9. The stator voltage d–axis component and three-phase current waveform before and after the voltage instruction compensation algorithm is added. (a) the former stator voltage d–axis component is added. (b) the latter stator voltage d–axis component is added. (c) the former three–phase current waveform is added. (d) the latter three–phase current waveform is added. 
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Figure 10. Experimental platform of PMSM drive system. 






Figure 10. Experimental platform of PMSM drive system.



[image: Energies 15 02214 g010]







[image: Energies 15 02214 g011 550] 





Figure 11. Torque-speed curve (blue), power-speed curve (red) of traditional topology (virtual line) and adding bidirectional DC/DC topology (solid line). 
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Figure 12. The inverter efficiency MAP. (a) traditional algorithm. (b) fixed SVPWM modulation index algorithm. 
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Figure 13. A–phase current waveform and THD value before and after adding voltage instruction compensation algorithm. (a) adding pre–phase current waveform. (b) adding post–phase current waveform. (c) adding pre–phase current waveform THD value. (d) adding post–phase current waveform THD value. 
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Table 1. Base values of PMSM.
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	Symbol
	Quantity
	PMSM





	    λ B    
	base flux linkage
	    λ m    



	     I  B    
	base current
	       λ  m      L  d      



	     V  B    
	base voltage
	      V  b a t      3      



	     P  B    
	     P  B  =  3 2    V  B    I  B    
	    3 2  ⋅     λ  m      L  d    ⋅    V  b a t      3      



	     ω  B    
	      V  b a t      3      
	      V  b a t      3    ⋅  1    λ  m      



	     T  B    
	     T  B  =     n  p  ⋅   P  B      ω  B      
	    3 2  ⋅     n  p  ⋅   λ  m 2      L  d      



	     Z  B    
	     Z  B  =     V  B      I  B      
	      V  b a t      3    ⋅     L  d      λ  m      



	  ξ  
	saliency ratio
	      L q     L d      
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Table 2. Motor Parameters.






Table 2. Motor Parameters.





	Parameter
	Symbol
	Value





	Stator resistor
	    R S    
	4.614 mΩ



	Direct axis inductance
	    L d    
	85 μH



	Quadrature axis inductance
	    L q    
	178 μH



	Magnet flux linkage
	    λ m    
	0.015 Wb



	pole pairs
	    n p    
	6
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