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1. [bookmark: _Toc180139738][bookmark: _Toc228736019]Introduction 
Driver-in-the-Loop (DIL) simulation has become an increasingly valuable tool in motorsport, used by professional teams across Formula 1 and endurance racing to reduce on track testing costs whilst improving vehicle and driver development. By replicating real-world race conditions in a controlled environment, DIL simulation allows engineers to evaluate both vehicle setup and driver behaviour with a level of repeatability that physical testing cannot always provide.
This report presents a structured test programme conducted using a DIL simulator, with an MCR Sports 2000 car modelled at Pembrey Circuit. A driver who has experience with both the car and the circuit was selected to be the driver for this study. 
This study includes a driver consistency test in session 1, mechanical setup in session 2 and aerodynamic set up in session 3. 


2. [bookmark: _Toc180139739][bookmark: _Toc228736020]Research/Background 
[bookmark: _Toc228736021]Experimental Design Selection
Design of Experiments (DOE) is a systematic testing method where multiple variables are changed at the same time, rather than one at a time, allowing engineers to understand how each variable and combinations of variables affects the results. 
One factor at a time (OFAT) experiments are always less efficient than methods based on a statistical approach, and the correct approach to dealing with several factors is to conduct a factorial experiment in which factors are varied together rather than one at a time (Montgomery, 2012). Several design options were considered for this study. (Montgomery, 2013)
[bookmark: _Toc228736022]Full factorial Design
A full factorial design tests every possible combination of factor levels, providing complete information on all main effects and interactions. For three factors at three levels, this produces a 3³ design requiring 27 runs; with four factors, a 3⁴ design demands 81. Antony (2014) notes that while comprehensive, full factorials become resource intensive as factor count increases, making them impractical within constrained testing environments (Antony, n.d.). Full factorial three-level designs are expensive to run as the number of required runs increases rapidly with the number of factors leading engineers toward more efficient response surface designs such as the Box-Behnken. (ReliaSoft, n.d.)
[bookmark: _Toc228736023]Two-Level factorial Design
Two-Level Full Factorial (2ᵏ) Reducing each factor to a high and low setting yields a 2ᵏ design requiring only 8 runs for three factors. This offers an efficient screening tool for identifying the most influential factors but assumes linear relationships between each factor and the response. Antony (2014) highlights this as a critical limitation as an optimum data point may lie between tested extremes (Antony, n.d.). 
[bookmark: _Toc228736024]Box-Behnken Design (BBD)
The BBD was originally proposed by Box and Behnken  as a more practical alternative to full factorial designs, which tests each factor at three levels but uses only a carefully selected subset of all possible combinations, meaning it can still detect curved relationships between factors and the measured output. For three factors, a BBD requires only 13 runs, less than half the 27 required by a 3³ full factorial. Critically, BBD never includes runs where all factors are at their extreme settings simultaneously, making it safer to implement in physical or simulator testing environments where extreme combined conditions may risk equipment or produce unrepresentative results. (Hinkelmann & Jo, 1998)

[bookmark: _Toc228736025]Methodology 
The driver, car and track were kept the same aswell as the simulation software and hardware. MoTeC data acquisition logged key variables that are used to gain a better understanding of how the car reacts to set up changes and to identify and predict the best vehicle set up.

3. [bookmark: _Toc228736026]Results and analysis 
[image: ]
[bookmark: _Toc228735640][bookmark: _Toc228736034][bookmark: _Toc228736778]Figure 1-Pembre Track layout with labled corners (UK Circuits, n.d.)
 
[bookmark: _Toc228736027]4.1. Session 1
Driver consistency is a fundamental performance metric in motorsport.  lap time combined with sector time are considered sensitive and reliable measures for detecting changes in simulated racing performance (Irwin, et al., 2019). In a race environment, the ability to reproduce fast laps repeatedly is often more strategically valuable than a single exceptional lap particularly during tyre management phases, fuel-saving periods, or when defending a position under pressure. The DIL simulator provides a controlled environment in which perceived effort can be systematically manipulated without the confounding variables present in real-world testing, such as track evolution, weather changes and traffic.
Session 1 aimed to establish a driver performance baseline by quantifying lap time consistency across a range of perceived speeds. Understanding the driver's natural operating window was essential prior to Sessions 2 and 3, ensuring that any lap time variation observed during setup changes could be attributed to the vehicle rather than driver inconsistency.
[bookmark: _Toc228736792]Table 1- Session 1 - Driver Consistency test results for varying driver perceived paces (%)
	Driver perceived pace 
	Average Lap Times (s)
	Standard Deviation (s)

	50 %
	66.211
	1.601

	60 %
	64.521
	1.329

	70 %
	61.328
	1.279

	80 %
	59.586
	0.066

	90 %
	57.857
	0.055

	100 %
	57.081
	N/A



Table 1 presents the average lap time and standard deviation recorded for each perceived pace setting. A clear and consistent trend is evident as perceived pace increases toward race speed, both lap time and lap-to-lap variation reduce significantly. Standard deviation falls from 1.601s at 50% perceived pace to just 0.055s at 90%, representing a 97% reduction in variability across the tested range.
This is consistent with Lappi's (2018) finding that when a driver operates well below their natural pace, the cognitive demand of managing a deliberately slow speed increases lap time variation (Lappi, 2018).
	[image: ]
[bookmark: _Toc228735641][bookmark: _Toc228736035][bookmark: _Toc228736779]Figure 2- Ground speed overlay for all driver perceived paces



The ground speed overlay across all pace groups (Figure 2) shows the same trend. At lower pace settings the speed traces are widely spread, particularly through Turn 3 and 4 which are the slowest corners around pembre. Turn 6 is the fastest corner around pembre and shows a large variance in pace.
	[image: ]
[bookmark: _Toc228735642][bookmark: _Toc228736036][bookmark: _Toc228736780]Figure 3- Ground speed for 3 runs at 90% driver perceived pace
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[bookmark: _Toc228735643][bookmark: _Toc228736037][bookmark: _Toc228736781]Figure 4- Ground speed for 3 runs at 50% perceived pace


Figures 3 and 4 clearly show the driver consistency difference between 50% and 90% driver perceived pace.

	[image: ]
[bookmark: _Toc228735644][bookmark: _Toc228736038][bookmark: _Toc228736782]Figure 5-Throttle and break application for 90% and 100% driver perceived pace



The throttle and brake overlay comparing 90% and 100% pace (Figure 5) reveals that braking points are broadly similar between the two settings. The primary performance difference is concentrated at corner exits — the 100% lap shows earlier and more committed throttle application out of slow corners, most notably at Brooklands Hairpin (Turn 5).
[bookmark: _Toc228736028]4.2. Session 2

Session 2 investigated the influence of mechanical setup parameters on lap time performance. All runs were completed at 90% perceived pace as established in Session Table 2 presents the average lap time and driver feedback for each run.

Table 2-Session 2 - Variable settings for every run
	Run no.
	ARBF (mm)
	ARBR (mm)
	Toe (Deg)
	Camber (Deg)

	1
	30
	15
	1
	-2

	2
	15
	7
	1
	-3

	3
	45
	23
	2
	-2

	4
	45
	23
	1
	-1.5

	5
	45
	23
	1
	-2

	6
	15
	7
	0
	-1.5

	7
	15
	7
	0
	-1.5

	8
	30
	15
	1
	-3

	9
	45
	23
	0
	-3

	10
	30
	15
	1
	-1.5

	11
	15
	7
	0
	-2



[bookmark: _Toc228736794]Table 3- results and feedback from session 2
	Run no
	Average Lap Time
	Driver Feedback

	1
	57.60
	

	2
	57.59
	stable, but vague, good mid corner, poor initial corner

	3
	57.84
	Front not too bad, rear lazy, not unstable just slow, struggle to feel car

	4
	57.75
	Front understeer, rear less grip, more feedback and predictable

	5
	57.53
	Better initial rotation, mid corner understeer, more what expected to feel like

	6
	57.61
	stable but numb, rear slow response, initial rotation

	7
	57.61
	Good initial rotation, understeer mid corner, feel load transfer, traction out of hairpin worse

	8
	57.65
	rear end unstable as LT occurs, bad traction, front end stability worse mid corner

	9
	57.72
	better rear stability, front end not good initial bit but good mid corner, couldn’t trust car due to initial bite

	10
	57.62
	front a little better, more stable

	11
	57.60
	Predictable but lazy and understeers

	12
	57.80
	Low steer angle responsiveness other than that the vehicle was vague




	[image: ]
[bookmark: _Toc228735645][bookmark: _Toc228736039][bookmark: _Toc228736783]Figure 6- Session 2 - Main effects plot



The main effects analysis (Figure 6) reveals that toe angle had the most significant influence on lap time, with mean times increasing from 57.613s at 0° toe to 57.823s at 2° representing a difference of 0.21s and the largest single-factor effect in Session 2. ARB stiffness showed a moderate effect, with highest and lowest stiffness settings producing slower average lap times (Low ARB mean- 57.642s, Medium ARB mean- 57.633s and High ARB mean- 57.711s). Camber showed the least sensitivity across its tested range, with a spread of only 0.045s between the lowest and highest mean values, suggesting camber has a relatively minor influence on lap time within the tested range at Pembrey.

	[image: ]
[bookmark: _Toc228735646][bookmark: _Toc228736040][bookmark: _Toc228736784]Figure 7-Ground speed comparison: best vs. slowest mechanical setup (MoTeC)



Figure 7 presents the ground speed overlay directly isolating the effect of toe angle, comparing Run 5 (Toe=0°, mean 57.532s - blue) against Run 2 (Toe=2°, mean 57.842s - purple), with all other parameters held constant at ARBF=45 N/mm, ARBR=23 N/mm, Camber=-2°. The most significant speed differential occurs through Dibeni Bend and paddock ( Turn 3) where Run 5 carries approximately 8–10 km/h higher corner speed through the entry to paddock. As toe angle increases, the front wheels are angled further inward, increasing the effective slip angle required to generate lateral force directly increases the vehicle's understeer (Milliken, et al., 2003). This is consistent with the driver feedback for Run 2, which described the car as "rear lazy, not unstable just slow, struggle to feel car."
 Through senna esses (turn 4), the lower toe run displays significantly higher minimum corner speed, this can be seen consistently across all three runs (see appendix) so can be attributed to set up changes. Driver feedback for Run 5 noted "better initial rotation" when toe angle was reduced, suggesting the lower toe setting generated sufficient additional front-end confidence to allow the driver to commit to higher entry speeds a behavioural response consistent with Lappi's (2018) observation that a driver's commitment level is governed by their perceived predictability of the vehicle rather than outright grip alone (Lappi, 2018).
At Brooklands Hairpin (Turn 5), both configurations reach near-identical minimum speeds (between 96 and 96.5 km/h. Segers (2014) notes that the timing of corner exit throttle application is directly governed by the driver's confidence in front-end rotation at the apex a car that understeers will delay throttle commitment as the driver waits for the front to track back onto the intended line (Segers, 2014).

[bookmark: _Toc228736029]4.3. Session 3
Session 3 investigated the influence of rear wing position and ride heights on lap time. Table 4 presents the average lap times and driver feedback for each run.
[bookmark: _Toc228736795]Table 4- Session 3 - variable settings, average lap times and driver notes for all runs
	Run
	FRH (mm)
	RRH (mm)
	Wing setting
	Average Lap time (s)
	Driver Feedback

	1
	41
	65
	4
	57.469
	Stable — baseline reference

	2
	38
	57
	4
	57.463
	Good little understeer but nothing of concern

	3
	48
	77
	5
	57.724
	Less grip, more oversteer

	4
	48
	77
	4
	57.437
	Lacking grip compared to previous setup

	5
	38
	65
	4
	57.208
	Balance is good, positive front end

	6
	38
	65
	3
	57.225
	Balance not as nice, bit more understeer — but can be driven faster

	7
	38
	65
	5
	57.296
	Back to understeery

	8
	38
	57
	3
	57.749
	Less predictable, front can snap occasionally

	9
	41
	65
	5
	57.349
	Rear unstable, front end pronounced

	10
	48
	57
	5
	58.096
	Lots of understeer

	11
	41
	65
	3
	56.803
	Very nice, good front end, small rear instability at high speed — can be driven quick

	12
	48
	65
	5
	57.680
	Understeer, stable but understeery




	[image: ]
[bookmark: _Toc228735647][bookmark: _Toc228736041][bookmark: _Toc228736785]Figure 8 - Session 3 - Main effects plot



The main effects analysis (Figure 8) reveals that front ride height was the most influential factor in Session 3, with a mean lap time spread of 0.66s across its tested range the largest single-factor effect of the entire test programme. The mid setting of 41 mm produced the fastest mean of 57.076s compared to 57.390s at 38 mm and 57.734s at 48 mm, demonstrating a non- linear response. This Is most likely due to stall as the splitter gets too close to the floor significantly reducing downforce generated and at the other end when the FRH is increased, the pressure differential across the car upper and lower surfaces at the front of the car reduce (Milliken, et al., 2003).
Rear ride height was the second most influential factor with a 0.51s spread, with 65 mm producing the fastest mean of 57.260s compared to 57.769s at 57 mm and 57.581s at 77 mm. 
Rear wing position produced a 0.37s spread across its tested range, with mean lap times of 57.259s at 3, 57.369s at 4, and 57.629s at 5. The consistent increase in lap time with increasing wing angle confirms that at Pembrey, the drag penalty from higher downforce outweighs any cornering benefit.

	[image: ]
Figure 9- Ground speed across all tested wing positions when all other variables are constant



The figure 9 shows wing position 3, 4 and 5 in purple, green and blue. When looking at turn 3 and 4 the driver carried more speed, and there is little difference down the back strait.
	[image: ]
[bookmark: _Toc228735648][bookmark: _Toc228736042][bookmark: _Toc228736786]Figure 10- Lateral G Force against ground speed for Run 5, 6 and 7



Figure 10 presents the lateral G-force versus ground speed scatter for Run 7 (green), Run 6 (blue) and run 5 (Black). Where all variables remain constant other than wing position. At low speeds (55–95 km/h) all three clouds overlap closely, confirming that all setups have similar mechanical and that any performance differences at higher speeds are due to the difference in wing position. Above approximately 115 km/h there are visible differences.
[bookmark: _Toc228736030]Performance Evaluation and best set up Identification 
Across three simulation sessions, both driver and vehicle parameters were systematically optimised for the MCR Sports 2000 at Pembrey. Table 5 summarises the optimal configuration identified from each session.
[bookmark: _Toc228736796]Table 5- Table showing optimal value for tested parameters
	Parameter 
	Optimal Value

	Front ARB (ARBF)
	45 N/mm

	Rear ARB (ARBR)
	23 N/mm

	Toe
	0°

	Camber
	-2°

	Front Ride Height (FRH)
	41 mm

	Rear Ride Height (RRH)
	65 mm

	Rear Wing Position
	3

	Driver Pace (sustained)
	90% perceived

	Driver Pace (push lap)
	100%



	[image: ]
[bookmark: _Toc228735649][bookmark: _Toc228736043][bookmark: _Toc228736787]Figure 11- ground speed showing flying laps from session 1 (baseline) and optimized set up in session 3


The final combined setup run (ARBF=45, ARBR=23, Toe=0°, Camber=-2°, FRH=41 mm, RRH=65 mm, Wing=3) produced an average lap time of 56.365s and a best individual lap of 56.163s representing a 1.194s improvement over the Session 1 baseline of 57.557s. The overlay in figure 11 confirms this gain is distributed across the entire lap with the double apex and senna esses.
[bookmark: _Toc228736031]Conclusion 
This test programme successfully demonstrated the value of DIL simulation as a tool for combined driver and vehicle development. Three structured sessions at Pembrey Circuit produced a total performance improvement of 0.918s over the baseline through systematic optimisation of driver pace, mechanical setup, and aerodynamic configuration.
Session 1 established 90% perceived pace as the optimal test pace, balancing driver consistency (SD = 0.055s) with representative vehicle performance. Session 2 identified toe angle as the dominant mechanical parameter, with 0° toe consistently producing the fastest and most driveable configuration, with the improvement primarily attributable to improved mid-corner speed through Dibeni Bend and earlier throttle application at Brooklands Hairpin. Session 3 identified rear wing position as the largest single performance lever at Pembrey, with the lower wing 3 setting producing a 0.37s mean advantage over the highest setting, confirming the circuit’s straight-line speed sensitivity.
The combined optimal configuration (ARBF=45, ARBR=23, Toe=0°, Camber=-2°, FRH=41 mm, RRH=65 mm, Wing=3) is recommended for qualifying at Pembrey, with the quickest observed lap time of 56.163s. Session 1 established that the driver requires an out lap and a warmup lap to bring the tiers up to temperature which so this should be performed before the flying lap.
The driver noted the combined optimal setup as “can be driven quick but tough to control.” In a qualifying context where a single fast lap is the objective, a degree of instability is acceptable and consistent with the performance-oriented setup philosophy described by Segers (2014), who notes that qualifying setups typically prioritise peak lap time over the consistency and stability required for race trim (Segers, 2014).

Key simulation limitations including the absence of track evolution and wind modelling which would be monitored during the real qualifying session to validate and refine these findings.
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4. [bookmark: _Toc228736033]Appendix 
	
[bookmark: _Toc228736044][bookmark: _Toc228736788]Figure 12-Bar chart showing standard deviation from session 1
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[bookmark: _Toc228736046][bookmark: _Toc228736789]Figure 13-Ground speed for 3 runs at 60 % DPS
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[bookmark: _Toc228736047][bookmark: _Toc228736790]Figure 14Ground speed for 3 runs at 70 % DPS
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[bookmark: _Toc228736048][bookmark: _Toc228736791]Figure 15Ground speed for 3 runs at 80 % DPS



3 Lap driver consistancy test across a sweep of driver            percived speeds
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