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Abstract: To fill the gap in integrated testing equipment for the three-electric 

and thermal management systems and meet the requirements of conducting 

"whole vehicle class" tests at the system level, this manuscript details a 

technical study focused on the integrated testing platform for the three-

electric and thermal management systems. First, a configuration scheme for 

the testing platform was proposed, and the construction of the physical 

platform was completed. Second, an optimized method for precise control of 

engine compartment airflow was selected and experimentally validated. The 

results indicated that after adopting the model predictive control (MPC) 

method, the root-mean-square error of the transient air supply control 

decreased from 28% to 14%. The temperature deviation of the core 

components under thermal equilibrium conditions between the system 

platform and the actual vehicle environment chamber is only 1ï2°C, and the 

total mileage deviation under high-temperature China Light Vehicle Test 

Cycle conditions is only 4.28%. 
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1. Introduction  

To address the significant mileage degradation in new energy vehicles in high- and low-

temperature environments, the industry commonly adopts highly integrated system design solutions 

for three electric (motor, electronic control, and power battery systems) and thermal management 

systems[1ï14]. Integrated systems flexibly utilize the energy between different systems based on 

vehicle operating scenarios, such as motor heat recovery, regenerative braking energy recovery, and 

heat pump systems to recover excess heat from motors and batteries. The deep coupling between the 

three electric systems and the thermal management system necessitates that these systems should not 

be separated during testing, and there is a general expectation of conducting integrated testing of the 

three electric and thermal management systems early in the development phase. Therefore, there is an 

urgent need to develop a set of integrated testing platforms for the three electric and thermal 

management systems (hereinafter referred to as the testing platform) to meet the industry demand for 

system integration testing. The testing platform must ensure that the airflow, temperature, and 

humidity passing through the various components are consistent with real conditions, including 

airflow control, temperature control, and humidity control. However, considering that temperature and 

humidity control technologies are relatively mature, this study does not delve into them and will 

instead conduct in-depth research on airflow simulations. In the airflow simulation, the airflow 

entering the engine compartment was the most complex. The airflow entering the engine compartment 
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varies constantly while the user drives the vehicle. The testing platform must supply the targeted 

airflow entering the engine compartment in real time to achieve precise air  control. Owing to the 

nonlinear characteristics of the system and the inertia of the airflow field, achieving precise airflow 

control is challenging. addressing the current situation where transient air supply control methods only 

achieve turbulence control and the complexity of control models makes them difficult to apply to real 

test platforms[15~18], this study establishes a model predictive control (MPC) method for transient air 

supply control. Experimental verification was conducted on a test platform, successfully addressing 

the difficulty of accurately controlling the transient air supply. 

2. Research on Test Platform Configuration 

The goal of the integrated test platform is to provide consistent environmental conditions and 

simulate road resistance equivalent to vehicle operation for the components of the tested system, thus 

treating system components as "miniature real vehicles" for conducting whole vehicle-type condition 

tests. From the perspective of the environment in which the system components are located, there are 

significant differences in the surrounding environments of the system components in different areas 

during vehicle operation. The test platform must provide a simulated engine compartment 

environment, simulate the environment around the core of the air-conditioning box, and separately 

simulate the environment around the rear electric drive. In terms of simulating road resistance, the test 

platform must provide accurate road resistance consistent with the actual vehicle operation to ensure 

that each system component is under a realistic load and can reproduce the actual operating state of the 

vehicle.Based on the above comprehensive analysis, this study describes a test platform design. As 

presented in Fig. 1, the test platform included three areas that include insulated simulated engine 

compartment environment ducts; simulated Heating Ventilation and Air Conditioning (HVAC) 

environment ducts; simulated battery temperature control boxes; and two sets of dynamometers. The 

layout considers the actual positions of electric vehicle components, pipe lengths, and the compact 

structure.  

 

Fig. 1. Schematic Diagram of Overall Layout of Test Platform 

 

The above system structure was designed based on the layout of an actual vehicle, allowing the 

installation of real components and maintaining their relative positions, thus providing a prerequisite 

for precise testing. Following the design scheme described above, a physical testing platform was 

constructed, as represented in Fig. 2. 

Simulated engine compartment 

Environment Duct 

Simulated HVAC Environment Duct 
Simulated battery and rear electric drive 

environment temperature control chamber 

Dynamometer Air Supply Control System Temperature and Humidity Control System 

Temperature and humidity control system 
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(a)Front view                                                                                    (b)Rear view 

Fig. 2. Actual Photograph of the Testing Platform 

 

3. Study on Precise Control of Transient Air Supply in Simulated engine compartment 

Environment 

According to the previous analysis, to ensure precise testing results under user-driven conditions, 

the testing platform needs to achieve precise control of the Simulated engine compartment 

Environment Duct transient air supply. To describe the characteristics of the system more accurately, a 

BPNN (Backpropagation Neural Network) model was constructed and used as a control system to 

compare the effects of different control methods. The method for establishing the neural network 

model is as follows: 

First, we identified the preceding flow field volumetric flow rate and volumetric flow rate change 

rate as variable elements and designed a samplê Spl.̃  plan. Second, actual measurements of the 

airflow on the platform were conducted according to the sample plan. Finally, a neural network model 

was constructed to predict the subsequent volumetric flow rate based on different baseline flow-field 

states. 

3.1 System model construction study 

3.1.1 Sample scheme construction and platform measurement 

The target flow curve can be viewed as a function of volumetric flow rate over time and is 

represented as Q=f(t). Through the analysis in the preceding text, it is identified that the preceding 

flow field volumetric flow rate (Q_0) in the time domain and the rate of change of the target curve 

volumetric flow rate (æQ) are crucial factors affecting the current volumetric flow rate. The sine 

signal, as a fundamental signal for the Fourier transformation, has a single frequency and can be easily 

constructed based on the frequency and amplitude characteristics. The variation of the preceding flow 

field volumetric flow rate (Q_0) over time can be achieved through changes in the amplitude of the 

sine curve, while the variation of the volumetric flow rate change rate (æQ) can be achieved through 

changes in the frequency of the sine curve. Therefore, we constructed 32 sine sample curves with 

different frequencies and amplitudes as target curves for the platform measurements, as represented in 

Fig. 3.  
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Fig. 3. Sample Scheme Diagram 

 

As represented in Fig. 4, it can be observed from the distribution of the target curve, the sample 

scheme volumetric flow rate (Q_0), and the volumetric flow rate change rate (æQ) that the sample 

scheme covers the characteristics of the target curve. The following sample scheme is a representative 

example. 

 

Fig. 4. Target and sample curve distribution graph 

 

The sample scheme was placed as the target input on the testing platform. Actual measurements 

were conducted, and the sample scheme air volume test results were obtained, as represented in Fig. 5. 

 

Fig. 5. The measured air volume results of the sample scheme 
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3.1.2 Configuration study based on BPNN neural network model 

This study adopts a BPNN, which is a neural network model consisting of an input layer that is a 

hidden layer and an output layer, with each layer containing several neurons. The forward 

transmission of information and the backward feedback of errors are the main characteristics of a 

BPNN. During the forward propagation of the signals, the input signals introduced from the input 

layer are transmitted through the hidden layer and then output from the output layer. When the output 

signal is not the expected value, the transmission direction reverses, and prediction errors are obtained. 

The network weights and thresholds were adjusted based on the prediction errors to continuously 

approach the expected output of the BPNN. In this study, the model was configured as a 4-layer neural 

network (including one input layer, two hidden layers, and one output layer) with ten neurons in the 

input and hidden layers, as represented in Fig.  6. 

 

Fig. 6. Neural network model structure diagram 

 

The baseline volumetric flow rate, the volumetric flow rate change, and the current volumetric 

flow rate were extracted from the measured results of 32 sample curves at the previous moment. 

Samples corresponding to different preceding baseline volumetric flow rates, volumetric flow rate 

changes, and current volumetric flow rates were formed for ease of data processing and to accelerate 

model convergence. The measured sample data were normalized and used as input for the neural 

network model. After multiple training sessions, the time-domain corrected neural network model 

predicted an MSE of 2.9253 × 10-4, with all regression analyses above 0.996. To verify the accuracy of 

this model, a transient airflow curve is selected for validation, comparing the model's predictions with 

the measured results from the test bench. As represented in Fig. 7, the neural network model 

demonstrates accurate predictive capability, with errors mostly concentrated within ±5%. Only a few 

points at the low-airflow positions exhibited slightly larger relative errors. This model serves as a 

system model for comparative research on control methods. 
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Fig. 7. Comparison between neural network prediction results and measured results 

 

3.2 Research on Transient Air Supply Precision Control Technology 

3.2.1 Simulation Study Based on Proportional Integral Derivative (PID) Control Method 

The PID controller is a classic feedback controller whose name represents its three main control 

components: Proportional, Integral, and Derivative. The basic principle of a PID controller is to adjust 

the control output by performing proportional, integral, and derivative operations on the error between 

the system feedback signal and the setpoint to minimize the error and achieve system stability, fast 

response, and robustness. The controller can be represented by Equation 1: 

 dt

tde
kdtektektu dtip

)(
*)(*)(*)( ++= ñ

 (1) 

Where u(t) is the output control signal at time t, kp is the proportional coefficient, ki is the integral 

coefficient, kd is the derivative coefficient, e(t) is the error between the controller's input signal and the 

setpoint, and dt is the rate of change of the error. This method is applied to establish a control model 

and optimize the coefficients kp, ki, and kd. Considering both the control accuracy and stability of the 

control output, the optimal PID control simulation results were obtained, as represented in Fig. 8. The 

RMSE of the PID control was 20%, and the MSE is 29134 (m3/h)2. 

 

Fig. 8. Comparison between PID Control Simulation Results and Target Curve 
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The PID control method regulates the system output airflow to follow the target airflow, but it is 

evident from the tracking performance that a "delay" phenomenon is apparent. As analyzed earlier, the 

flow field exhibits significant "inertia," and adjusting the control input signal for the next time step 

based on the current control error during the control process introduces "lag." The model predictive 

control method can effectively solve this problem.[19ï23] Therefore, in the following sections, the 

MPC method will be selected for further system control research. 

3.2.2 Simulation Study Based on MPC Method 

The MPC method optimizes control by predicting the performance of a system over a future time 

horizon. The modeling process used in this study was as follows: First, the state-space discrete 

expressions of the system were established based on its characteristics, as presented in Equations 2 and 

3. 

 
)()()1( kBukAxkx +=+

 (2) 

 
)()( kCxkY =
 (3) 

Where x(k) is the state vector of the system at time k, u(k) is the input vector of the system at 

time k , A is the system state matrix, B is the system input matrix, x(k+1) is the state of the system at 

time k+1 ,  Y(k) is the output of the system at time k, and C is the observation matrix. 

Given that the output of the air supply system is the state of the system, that is, the airflow, C 

equals 1, as presented in Equation 4. 

 
)()( kCxkY =
 (4) 

Next, the cost function is established, as presented in Equations 5: 
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where r(k+i)  represents the reference value of the moment, Q represents the system error 

adjustment parameter, and R represents the system input action adjustment parameter. 

Once again, the expression transformation of the cost function is: 

Define the predicted state vector at time t as Equation 6: 
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X(K) is the predicted state vector of the system at time k , where N is the prediction region. 

Define the predicted input vector at time k as Equation 7: 
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Where U(k) represents the predicted input vector of the system at time k ,as presented in 

Equations 8. 

 UkUkXkXkJ RQ TT
--

+=  (8) 

Where    is the system error adjustment matrix, and   is the system input action adjustment 

matrix, as presented in Equations 9. 

 
)()()( kCukMxkX +=
 (9) 

The sentence translates to English as: "Where M is a vector concerning A , and C is a vector 

concerning A and B , as presented in Equations 10. 

 
)()()()()()(2)()( kRUkUkCUCkUkMUCkxkMxMkxJ TTTTTTT QQQ +++=

---

 (10) 

Definition, as presented in Equations 11 to Equations 13 : 

 
MMG QT
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 (11) 
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RCCH QT +=

-

 (13) 

Therefore, the cost function transforms to, as presented in Equations 14: 

 )()()()(2)()( kHUkUkEUkxkGxkxJ TTT ++=  (14) 

The optimization objective was to minimize J , and we applied the least-squares method to 

compute U(k) when J  was minimized. 

The above model was placed under the control of a controller to control the system and perform a 

simulation analysis, the results of which are represented in Figure 9.  

R
-

Q
-
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Fig. 9. Simulation volumetric flow rate results comparison between MPC and PID control 

 

MPC effectively resolves the issue of "delay" in air volume tracking encountered in PID 

control.From Figure 10, it can be observed that, compared to the PID control, the MPC exhibits a 

significant improvement in accuracy. The RMSE of MPC is only 14%, with an MSE of only 11429 

(m3/h)2. 

 

Fig. 10. Simulation error  comparison between MPC and PID control 

 

Based on the above analysis, the MPC was selected as the transient air supply control method for 

the system, and it was placed on the platform for experimental testing. As represented in Figure 11. 

 

Fig. 11. Comparison volumetric flow rate of experimental results for MPC 
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After applying the MPC method, the output air volume aligned more closely with the target air 

volume.Figure 12 represents a comparison of the air volume error rates before and after adopting the 

MPC method. After adopting the MPC method, the RMSE decreased from 28% to 14%, and the MSE 

decreased from 58661 (m3/h)2 to 9645 (m3/h)2. Applying this control method can achieve better 

transient air volume control effects, with the error within ±15% for 81% of the time. 

 

Fig. 12. Comparison error  of experimental results for MPC 

4. Analysis and Discussion of Platform Measured Results 

Based on the comprehensive analysis above, the structural design of the platform fully considers 

the differences in the environments encountered by various systems during vehicle operation. This 

separates the corresponding working environments for each system. To validate the accuracy of the 

testing platform, a model available on the market was selected, and its electric drive system, battery 

system, thermal management system, and relevant control systems were installed on the testing 

platform. The actual vehicle was placed in an environmental chamber, and steady-state high-

temperature thermal equilibrium conditions and transient high-temperature China light vehicle test 

cycle (CLTC) conditions were tested separately, as represented in Figure 13 Figure 14. 

 

Fig. 13. Actual vehicle environmental chamber test real-shot images 

 

 

Fig. 14. Real-shot images of the system platform testing 
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A detailed comparative analysis was conducted on parameters such as the front and rear motor 

temperatures, front and rear motor inverter temperatures, highest battery temperature, and lowest 

battery temperature in thermal equilibrium conditions before and after testing on the platform and 

actual vehicle. This analysis covered the cumulative energy consumption for four cycles of high-

temperature CLTC conditions, four cycle distances, and total distance parameters to validate the 

precision of the platform testing. 

4.1 Steady-state high-temperature thermal equilibrium condition comparative analysis 

Table 1 Steady-state high-temperature thermal equilibrium condition table 

Sample Operating condition name 
Air temperature 

( ) 

Air humidity 

(%RH) 

Speed 

(km/h) 

Grade 

(%) 

Driving distance 

(km) 

-- Preprocessing 42 -- 100 0 16.7 

1 High-speed driving 42 40 140 0 70 

2 High-speed climbing 42 40 130 2 18 

3 Low-speed climbing 42 40 42 8.1 8.2 

As represented in Table 1, to conduct a comprehensive comparison of the temperatures at the 

equilibrium points of the core components of the system under steady-state thermal equilibrium 

conditions, tests were conducted under high-speed driving, high-speed climbing, and low-speed 

climbing conditions, as presented from Fig. 15 to Figure 20. From the figures, the temperature 

increase trends of the front and rear drive inverters, front and rear motors, and batteries are consistent 

between the platform and on-road test results, with relatively small deviations. 

 

Fig. 15. temperatures of drive inverter  under high-speed driving  
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Fig. 16. temperatures of battery under high-speed driving  

 

 

Fig. 17. temperatures of drive inverter  under high-speed climbing 

 

 

Fig. 18. temperatures of battery under high-speed climbing  
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Fig. 19. temperatures of drive inverter  under low-speed climbing 

 

 

Fig. 20. temperatures of battery under low-speed climbing 

 

Table 2 Equilibrium Points of Various Components under Thermal Equilibrium Conditions 

Measurement point 
Error 
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Rear motor temperaturê ̃ 4 3 1 

Steady-state acceleration pedal average valuê%̃ 2.4 0.4 -0.4 

Steady-state front-wheel drive torquê Nm̃ 2.9 0.7 0.4 

Steady-state rear-wheel drive torquê Nm̃ 3.2 0.8 0.8 

From Table , it can be observed that, apart from the rear motor temperature, the temperatures of 

other key components in both the platform and vehicle test results deviate within Ñ2 . The deviations 

in the accelerator pedal and front-rear drive torques were relatively small. Under high-speed 
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vehicle test. This is because the simulated battery environment only considers temperature control and 

does not consider the variation in airflow around the rear motor at different vehicle speeds. Under 

high-temperature and high-speed thermal equilibrium conditions, the airflow around the rear motor 

has a significant effect on its heat dissipation. Therefore, in subsequent platform tests, the airflow 

around the rear motor was adjusted based on the vehicle speed to make the test results more accurate. 

In summary, the consistency between the platform and vehicle test results under high-temperature 

thermal equilibrium conditions was good with small deviations. These test results can be used to guide 

vehicle development. 

4.2 Transient High-Temperature CLTC Energy Consumption Conditions Comparative Analysis 

The CLTC is a transient condition in which the vehicle speed varies with time. To provide a 

detailed comparison of the platform and actual vehicle test results under high-temperature CLTC 

energy consumption conditions, the cumulative energy consumption of the system was compared for 

four operating cycles in both the platform and vehicle tests. From Fig. 21 to Figure 24 , the cumulative 

energy consumption results from the platform and vehicle tests exhibit good consistency. 

 

Fig. 21. Cumulative Energy Consumption of High-Temperature CLTC Energy Consumption 

Scenario Loop 1-Loop 1 

 

 

Fig. 22. Cumulative Energy Consumption of High-Temperature CLTC Energy Consumption 

Scenario Loop 1-Loop 2 
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